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1. Abstract 
Conventional supersonic jet spectroscopy is limited by the thermal stability of the 
molecules under investigation. The molecules of interest are heated and the resultant 
vapour mixed with the carrier gas before cooling. This method has the drawback that 
only volatile and/or thermally stable molecules may be studied. Laser desorption, in 
contrast, utilises an infra-red laser pulse to desorb molecules directly from the solid 
state into the gas phase, and enables thermally labile molecules to be vaporised 
without decomposition. Thus, the use of laser desorption allows a greater range of 
molecules to be investigated using the technique of jet cooling. 
A specialised desorption 'faceplate' was used in a supersonic jet apparatus to 
interface the laser desorption and collisional cooling processes. Molecules were thus 
desorbed directly into the path of the pulsed supersonic jet, such that they were 
entrained in the jet carrier gas and cooled. These cold and isolated molecules were 
then investigated as in a conventional free jet, using laser-induced fluorescence (LIF) 
and resonant two-photon ionisation (R2PI) spectroscopy. The S1+-S0 excitation 
spectra of various molecules have been investigated and well-resolved vibronic 
spectra obtained. The efficacy of this technique has been validated using carbazole, 
benzoic acid and para-amino benzoic acid. The potential of laser desorption 
supersonic jet spectroscopy as an analytical tool was demonstrated by the detection 
of carbazole desorbed directly from real-world samples such as pollution filters and 
contaminated soils. A nonresonant model of pulsed JR laser desorption using the 10.6 
p.m line of a CO2 laser is proposed for a sample of several mm thickness. Molecules 
are desorbed from the surface of the sample via absorption of the laser radiation into 
the near-surface bulk phonons. This energy is transferred to the bonds holding the 
surface molecules to the bulk leading to desorption of the molecule. 
Several DNA bases and analogues were studied; uracil, thymine, adenine, cytosine, 
orotic acid (6-carboxyuracil), and iso-orotic acid (5-carboxyuracil). For uracil, 
thymine, adenine and cytosine no fluorescence was seen under jet-cooled conditions, 
consistent with solution phase results that the transition is '(n1r*)  with a strong 
coupling to the 3(7r7t*)  state resulting in negligible fluorescence. Both orotic and iso-
orotic acid exhibited intense, but unstructured fluorescence indicating that for these 
molecules in the gas phase the S1-S0 transition is now 1(7r_t*)  with a greatly 
decreased coupling to the 3(irir*)  state and a corresponding increase in the 
fluorescence quantum yield. The lack of structure in the fluorescence is thought to be 
due to state mixing. 
The LIF spectra of free base phthalocyanine and a series of metallo-phthalocyanines 
(zinc, magnesium, and chloroaluminium) have been investigated. Highly resolved 
vibronic spectra were obtained, demonstrating that large (>60 atoms) laser-desorbed 
molecules can be effectively jet-cooled using post-nozzle entrainment. Interpretation 
of these spectra gives information on molecular geometry - the vibrational structure 
is sensitive to deviation from planarity; there is a dependence of the electronic 
excitation energy on the central metal atom, which can be related to the 'hole size' of 
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the phthalocyanine macrocycle; and finally Herzberg-Teller coupling is observed 
between electronic states. 
Finally, some preliminary results have been obtained for the amino acid tyrosine and 
its analogue tyramine. The existence of a number of conformers is apparent in the 
LIF spectra of both these molecules. 
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3. Introduction 
Chemistry has advanced a great deal from Greek times when the term 'atom' was 
coined to describe a particle that was so small as to be indivisible. We now know 
through the work of J.J. Thompson, B. Rutherford and the like that the atom is in fact 
made up of subatomic particles; the electron, the proton, and the neutron, and that 
these particles are themselves not the ultimate particles of which matter is 
fundamentally made. 
Although mass plays a part in the chemistry of the atoms, it is in the main the charge 
of the nucleus and ultimately the interplay of electrons that determines the chemistry 
of the atoms and hence that of the molecules which they make up. As these atoms 
interact in ways from the most simple to the most subtle, probing the energy of the 
electronic interactions gives great insights into the molecules. 
Spectroscopy is a technique which has been in constant development since 1665 and 
the famous experiments by Newton of the dispersion of white light into its 
component colours using a triangular prism'. In 1777 came the first record of an 
inquiry into the effect of varying conditions on a photochemical reaction when 
Scheele observed that violet light was the most effective in darkening silver 
chloride2 . In 1817 GrotthUs realised that only the light absorbed was effective in 
producing photochemical change. Hence there must be some mechanism for the 
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interaction of matter and radiation. The development of a prism spectroscope in 1860 
by Bunsen and Kirchoff allowed the observation of emission spectra. Early 
investigations included the spectra of samples in flames and of the sun. In 1885 
Balmer found that the visible spectrum of hydrogen could be fitted to a mathematical 
series. 
In 1900 Planck noted that experimental observations of the absorption of light could 
be accounted for if the absorption was of packets or quanta of energy3 and in 1913 
Bohr assumed that the electron can only move in specific energy orbits (and 
incorrectly that they were circular) around the nucleus. This gives the immediate 
conclusion that transitions between the energy levels are quantised. Energy is emitted 
or absorbed when the electron moves to a lower or higher orbit respectively. This 
explains the form of the Balmer transitions (as well as all the other series in the H 
atom) and why there should be a series of lines rather than a continuum of possible 
transitions, although a more accurate picture of the location of the electron is given 
by probability theory and the Schrodinger wave equation and the development of 
quantum mechanics. 
However, the important point arising from all the above from the point of view of 
spectroscopy is that with the advent of the understanding of the nature of matter, 
radiation, and their interaction, important insights of all kinds into molecules are 
given by the use of spectroscopy. Today such techniques are widespread and 
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spectroscopy is perhaps the most important tool in the armoury of the chemist. 
Spectroscopic processes as they apply to this experiment are discussed in chapter 4. 
The number of transitions possible for a molecule increases as more energy levels are 
populated by electrons. For a collection of molecules at a given temperature and in a 
particular electronic state there is a Boltzmann distribution of population over 
rovibronic energy levels unless some ordering force has been applied. The higher the 
temperature, the longer the high-energy tail of the distribution. If the temperature is 
lowered, the population of higher energy levels is reduced and hence the number of 
possible transitions decreases and the spectrum becomes greatly simplified. Hence 
the development of supersonic jet spectroscopy where the molecule is cooled 
internally to a few tens of Kelvins before spectroscopic investigation. This technique 
was initially developed in 1951 by Kantrowitz and Grey 1 and is discussed further in 
chapter 5. Briefly, however, it involves incorporating the molecules of interest into a 
more easily cooled (generally monatomic) carrier gas before a controlled expansion 
is carried out, resulting in the cooling. Once cooled, the molecules can then be 
investigated spectroscopically. For example, in this experiment the entrained 
molecules are investigated using Laser-Induced Fluorescence (LIF). 
In order to obtain the molecules of interest in the gas phase, they are conventionally 
vapourised in an oven with the carrier gas passing over the sample. However, this 
limits the technique to volatile and/or thermally stable molecules. Desorption using 
laser irradiation incident on the solid phase sample allows desorption of intact, 
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neutral molecules even for involatile and/or thermally labile molecules. The desorbed 
molecules are combined with a preformed carrier gas supersonic jet within the 
cooling region by use of a 'faceplate' to interface the laser desorption and collisional 
cooling processes. The processes involved in laser desorption are discussed further in 
chapter 6 and a mechanism for desorption appropriate to the conditions in this 
experiment is also proposed. It is the successful combination of this laser desorption 
process with a supersonic beam via the use of the faceplate that forms the novel part 
of this experiment, and is also what gives it its versatility and ability to investigate 
various samples with different desorption media. The details of this experiment and a 
discussion of the desorption/entrainment faceplate are given in chapter 7. The 
technique as a whole is named Laser Desorption Supersonic Jet-cooling Laser-
Induced Fluorescence spectroscopy (LD-SJLIF). 
This Ph.D. project has had several aims in developing and using the new technique of 
LD-SJLIF. Firstly it was requisite to validate the technique and show that it could 
reproduce accepted results. Secondly it was desired to extend and improve the 
technique. A minor aim was to investigate how robust and versatile the technique 
was, with a view to evaluating its potential as an analytical technique for, for 
example, contaminated site analysis. Finally, and most importantly, the technique 
was to be used as a pure investigative technique. It is also my hope that this thesis 
may be of use in introducing the techniques described within to those new to them. 
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Carbazole, benzoic acid and para-amino benzoic acid, were used as test molecules to 
validate the efficacy of this technique (see chapter 8). Carbazole was also used to 
evaluate the potential of the technique as an analytical tool via the detection of 
carbazole desorbed directly from various sample media. Other molecules were then 
investigated using this technique. 
The electronic spectroscopy of several phthalocyanines was investigated. These were 
free base phthalocyanine and a series of metallo-phthalocyanines; zinc, magnesium, 
and chlorine aluminium phthalocyanine. All were found to be strongly fluorescent. 
The details and interpretation of their spectra can be found in chapter 9, but clear, 
well resolved spectra were obtained for all these molecules. 
In addition, some preliminary results have been obtained for the amino acid tyrosine 
and its analogue tyramine, as well as the dipeptide glycyl tyrosine; see chapter 10. In 
each case several conformer peaks were noted in the spectrum, the number of which 
are thought to reflect the number of conformers present in the solid form combined 
with the effect of the relative height of any barriers to rotation. 
The DNA bases are of obvious interest. Several of them, uracil, thymine, adenine and 
cytosine, were investigated, along with two of their analogues, orotic acid and 
iso-orotic acid (see chapter 11). Fluorescence was observed only for orotic acid and 
iso-orotic acid and was broad and unstructured in each case. 
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Appendices to this thesis give additional data. Courses attended are given in section 
13 (Appendix I) while publications are listed in section 14 (Appendix II). Section 15 
(Appendix III) is a troubleshooting guide for the experiment. Section 16 (Appendix 
IV) is a glossary of abbreviations used in this thesis, while section 17 (Appendix V) 
gives compound data comprising pressure for forming discs, position of 0-0 peak if 
appropriate, the type of gas used for cooling and the pressure of the gas. The start-up 
and shutdown sequences are given in sections 18 (Appendix VI) and 19 (Appendix 
VII) while section 20 (Appendix VIII) gives the dyes used and their fundamental and 
doubled wavelength ranges. The details of a calculation for equipment sensitivity are 
given in section 21 (Appendix IX) while the calculation of the symmetry of 
vibrational modes for the phthalocyanines is given in section 22 (Appendix X). The 
remaining appendices give details of the spectra in various regions for all the 
molecules whose spectra are discussed, other than those used for validation of the 
equipment (carbazole, benzoic acid and para-amino benzoic acid). In order these are; 
section 23 (Appendix XI) for free base phthalocyanine (H2Pc), section 24 (Appendix 
XII), for zinc phthalocyanine (ZnPc) section 25 (Appendix XIII), for chlorine 
aliminium phthalocyanine (C1A1Pc), section 26 (Appendix XIV) for magnesium 
phthalocyanine (MgPc), section 27 (Appendix XV) for tyramine, section 28 
(Appendix XVI) for tyrosine, section 29 (Appendix XVII) for glycyl tyrosine (gly-
tyr) and section 30 (Appendix XVIII) for iso-orotic acid. 
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4. Electronic excitation and decay processes 
4.1 Introduction 
There are many types of spectroscopy and many experimental methods of 
investigation: each yields different results with their own uses. In this thesis I shall be 
describing the theory, experimental details and uses of Laser-Induced Fluorescence 
(LIF) Spectroscopy of Laser-Desorbed, Supersonic Jet-cooled Molecules, along with 
a detailed discussion of the results of the investigation of several molecules using this 
technique. 
It is necessary first to understand the spectroscopic processes which take place, a 
subject which is addressed in this chapter. Section 4.2 deals with the origin of 
spectroscopic transitions within the molecule, with some consideration of the 
'selection rules' for transitions. (The emission of a quantum of radiation from an 
excited molecule is governed by the same selection rules as for absorption.) It 
touches first on some considerations of the polyatomic molecule, and then discusses 
the interaction of matter and radiation and the selection rules for electronic and 
vibronic transitions. This is followed with a discussion of the intensities of allowed 
transitions according to the Franck-Condon principle, and the circumstances under 
which the selection rules may be broken, giving rise to additional transitions. 
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Section 4.3 deals with the various decay mechanisms in the excited molecule. 
Initially those pathways which lead to a spectrum are discussed, followed by a 
consideration of loss mechanisms such as curve crossing, tunnelling, and vibrational 
redistribution. Although vibrational redistribution is not of direct relevance to the 
spectra of those molecules discussed in this thesis, it is nevertheless relevant to the 
process of laser desorption. This is a process which takes place during the experiment 
and is discussed in detail in Chapter 6. 
4.2 Electronic spectroscopy of polyatomic molecules 
4.2.1 Polyatomic molecules 
Any molecule requires 3 coordinates to describe the location of each atom within the 
coordinate system, and hence 3N coordinates to describe all the possible internal 
displacements of the atoms relative to one another where N is the number of atoms in 
the molecule. Three of these coordinates describe the motion of the centre of mass 
i.e. the translational modes of the molecule, and two (for linear molecules) or three 
(non-linear molecules) more coordinates describe the rotational motion. All other 
such coordinates describe vibration of the molecule which thus has 3N-5 (linear 
molecules) or 3N-6 (non-linear) modes of vibration. Thus, as the number of atoms 
within polyatomic molecules is increased, molecules quickly have many vibrational 
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modes. Each of these vibrational modes are split into rovibrational subsets as 
different rotations during a given vibration are at different energies. 
These vibrations, in normal mode theory, affect all the nuclei in a molecule and are 
labelled v = 1,2,3... . For example, a transition involving vibration v = 1 with two 
quanta of excitation in the upper electronic state and none in the lower would be 
denoted by 1 or v 1 0-2, and so on. Whilst vibrations in diatomics may be described 
in terms of the changing bond length, this is not practicable in polyatomics where 
several bonds may be affected. Deformations are therefore usually referred to as 
changes in the 'normal coordinate'. 
The number of allowed energy levels within a molecule for a finite energy region 8E 
is known as the density of states and can be extremely large for large polyatomic 
molecules. Simple statistics means that a great density of states means a greater 
probability of finding states which cross or interact, leading to the loss of that excited 
state population which results in fluorescence (see section 4.3.2). In addition, for a 
given temperature, the Boltzmann distribution of population will be across a greater 
number of levels for large polyatomic molecules than for smaller molecules with 
their widely separated energy levels. All these effects complicate and congest the 
spectrum and it is therefore vital to simplify it; this is done by jet-cooling (see 
chapter 5). The appearance of bands within a molecular spectrum are governed by the 
'selection rules'; these rules and the circumstances under which they are broken are 
discussed in the next section. 
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4.2.2 Conditions necessary for electronic transitions 
4.2.2.1 Interaction of matter with radiation 
It is easily demonstrable that matter and radiation interact in a number of ways; one 
of the most basic is the splitting of white light into its component colours by passing 
it through a prism. Colour of an object (as opposed to the colour of a light beam 
which is merely that of the component light) arises from the selective absorption of a 
part of the visible spectrum of light by an object, with the remainder of the light 
being transmitted or reflected and registering on the eye'. A pigment absorbing blue 
light from daylight is perceived by the human eye as yellow. For the selective 
absorption of radiation by molecules, a process of great interest in photochemistry, 
two conditions prevail. First, there must somehow be a quantisation of the energy 
absorptions, and secondly, there must be some mechanism of interaction of the 
molecule with the radiation. 
Einstein's special theory of relativity gives the equation 2 . 
= p2c2 + m02c4 
Equation 4-1 
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where p is the momentum of a particle, m 0 is the mass of the particle measured at 
rest and c is the velocity of light. For a particle at rest p = 0 giving the normal 
expression linking mass and energy 
E = moc2 
Equation 4-2 
The photon, however, is thought to have zero rest mass. Thus the energy of the 
photon is the positive root of Equation 4-1, 
E = pc 
Equation 4-3 
The work of Planck found that radiation itself is quantised 3 according to 
E = nhv 
Equation 4-4 
where n = 0,1,2..., h is Planck's constant, and v is the frequency of the radiation. This 
led to the view that light is quantised in 'packets' named photons, each of energy hv 








Equation 4-6 arises from the work of De Brogue and links momentum with 
wavelength. This implies that any particle that has momentum has an associated 
wavelength and thus has wavelike properties. Considering the electron as such a 
particle, not only does it have motion, about the centre of the atom, but it is trapped 
within a particular region of space. It can only move a certain distance away from the 
nucleus due to Coulombic attractive forces from the positively charged nucleus 
'pulling' at the negatively charged electron in addition to repulsive forces from any 
electrons further away from the nucleus 'pushing' the electron back in. The electron 
cannot move too far in towards the nucleus for two reasons. First, if there are any 
electrons closer to the nucleus, it will experience repulsion from these electrons. 
Secondly, electrons do not collapse into the nucleus because an electron within the 
atom is travelling at relativistic velocities, and they therefore possess kinetic energy. 
A classical analogy would be to visualise a satellite orbiting above the earth but 
within the gravity field. The most energetically favourable state is for the satellite to 
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be attracted to the Earth, but it possesses sufficient energy in the form of orbital 
angular momentum that it does not descend to this ground state. Only in extreme 
conditions may the electron be forced to give up its energy and combine with the 
protons in the nucleus to form neutrons. Such conditions may be found in a star 
whose radiative emissions from the centre are no longer great enough to support the 
mass of the star, generally in supernova remnants of >1.4 solar masses (known as 
'neutron stars'). These conditions are well removed from those found generally in the 
universe, so proton-electron combination does not normally occur. 
These boundaries to the movement of the electron mean that the electron is a 
'particle in a box', i.e. it can only move within a constrained region. Since moving 
particles have wavelike properties, Erwin Schrodinger assumed that particles such as 
electrons could be described by a 'wavefunction', an equation which described it in 
terms of wave properties (although this is only of importance for extremely small 
particles where the associated wavelength is comparable to the size of the particle 
and hence is not of importance in the day-to-day macroscopic world that we 
perceive). The Scrodinger equation may be written as 
HF = El' 
N 
Equation 4-7 
where H is the Hamiltonian operator and describes all operators on '1', q'  is the 
wavefunction describing the time-independent motion of the particle in three spatial 
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dimensions ('P,),  and ET is the energy E of the wavefunction T. It should be 
noted that a wavefunction 'P may be regarded as the products of its component 
wavefunctions i.e. 'I', = jixyz. 
The total energy of a particle is given as the sum of the kinetic and potential energies. 
If we consider the classical definition of kinetic energy K.E. = 'mv2 and since 
momentum p is given by p = my, K.E. 
= f-. In terms of quantum mechanics, p 





where V is the potential energy of the system. Nonzero solutions of the Schrodinger 
equation for a particle in a box are quantised and thus an electron may only assume 
certain energies. This may be extended to the wavefunctions of atoms, and 
molecules; the solutions for the equations are still quantised and thus a molecule may 
occupy only quantised energy states, although the Schrodinger equation for these 
systems becomes extremely complicated and the ab initio calculations may usually 
only be solved after much approximation. 
27 
The quantisation of allowed energy levels within the atom and molecule means that if 
one wishes to move a molecule from an energy level to another energy level, then 
there are only certain energies of promoting radiation that will do that. For example, 
if one wishes to move from a state m to a higher energy state n (see Figure 4-1), the 
energy difference AE will be simply 
AE = En Em 
Equation 4-9 
'I'n  En 
Tm 9Em  
Figure 4-1: Transition between energy levels m and n 
The pattern of quantised energy levels is different for each molecule. This means that 
any molecule will have an individual pattern of absorption (and subsequent emission) 
of radiation corresponding to these energy levels, although not all possible transitions 
are allowed and the absorption of radiation is subject to selection rules (see section 
4.2.2.2). The quantisation of incoming radiation means that only integral numbers of 
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photons of the correct energy to sum to AE may be absorbed. A mechanism for the 
absorption of a photon is necessary. 
Radiation has electromagnetic properties. Although light may be visualised as being 
made up of discrete photons, it may also be described as a propagating 
electromagnetic wave. This view is limited as it neglects the particulate properties of 
photons, but it is often a useful way of treating light. An electromagnetic wave may 
interact with a molecule; the strongest interaction is of the electric component of the 
radiation, the E field, with the electric dipole moment of the molecule. 
For a transition from m to n ( see Figure 4-1) we must consider the wavefunctions 
Pm and Tn  which are both solutions of the molecular Hamiltonian fl o . These 
solutions are separately normalised i.e. for the molecule in a state '} the total 
probability of finding the molecule at some point within space must be unity. The 
function T,, is therefore normalised to one. Pm and T. are also orthogonal i.e. they 
are not identical functions, as is intuitively obvious for states at different energies, 
though the condition may also apply to degenerate states. 
The square of the wavefunction is defined as a probability density. However, the 
wavefunction is complex. For complex functions (those involving i), for a function 
ffx) denoted by f, the conjugate would be -7?'x)  denoted by f*  and the probability of 




'r implies integration for all molecular coordinates and the integral is over volume i.e. 
all space; it must equal one (normalisation) as the system described by the 
wavefunction must exist at some point in space 
The interaction of radiation with the molecule provides a time dependent perturbation 
to the molecular Hamiltonian. This may be visualised as the summation of the 
unperturbed (time-independent) Hamiltonian plus the pertubation Hamiltonian, 
H total = 	+ 
Equation 4-11 




where 	is the dipole moment of the molecule and E the electric field of the 
incoming radiation. If the radiation interacts with the molecule it sets up an 
oscillating electric field in the molecule. However, molecules oscillate only at 
quantised frequencies, the values of which are dictated by the molecular structure. In 
order to interact, therefore, the radiation must be of the frequency of oscillation. i is 
the unperturbed dipole moment vector of the molecule; if the radiation is of the 
correct frequency to interact this becomes time-dependent. For the transition n+-m, jt 




During the transition, the total wavefunction must include both Pm  and T. along 
with a measure of the probability of being in either state at any one time, 
'P = am'Pm + a'P 
Equation 4-14 
where am and a are time-dependent coefficients for which 
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a fl.a fl = P. 
Equation 4-15 
where P is the probability of being in state n at time t. A similar definition may be 
given for P m. The condition of normalisation means that at any time 
Pm + P. = 1 
Equation 4-16 
i.e. the molecule must exist in some state at any given time, and it cannot exist in 
both states at once. Assuming that the perturbation is small and that the transition 
between states takes little time, the probability of the transition n +- m occurring is 
given by 
4- 
m - 4EftLnmI2 
sin  LtWt 
P. 	 2 
- h 	 Aco 
Equation 4-17 
where E0 is the unperturbed electric vector of the incoming radiation and tflm is the 
transition dipole moment vector of the molecule (c.f. .t, the unperturbed molecular 
dipole moment, in Equation 4-12). Aco is the offset between the angular frequency 
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co.. of the energy gap between n and m and the angular frequency co R of the 
incoming radiation, where co for any frequency v is defined as 27rv, i.e. 
Ao)= (Dnm - (DR 
Equation 4-18 
For the case of co.m very close to CO R, &J) is very small and sin -'-Acot -Mt. 
Equation 4-18 then simplifies to 




and I.Lflm may be formally written as 
= (WnILIWm) 
Equation 4-20 
the overlap integral for the wavefunctions of the final and initial electronic states 
operated on by the total sum p of the dipole moments. Note that the wavefunction P 
may be split into coordinate and time dependent functions according to 
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Equation 4-21 
where 'qi is the coordinate dependent portion of the wavefunction and 4) the time 
dependent portion. To gain Equation 4-17 it has been approximated that there is no 
time dependence (i.e. that the transition takes place over a small timescale) and that 
the perturbation to the molecule is small. nm  is thus dependent only on the spatial 
portion, hence the form of Equation 4-20. 
Equation 4-19 clearly links the probability, and hence the intensity, of the transition 
with the magnitude of the transition dipole moment; for the full derivation of P see 
reference 2. However, working this out for each transition would be an involved 
process. There are large numbers of possible transitions between energy levels that 
turn out to have zero probability and hence intensity; these are referred to as 
'forbidden' transitions. It is desirable to have some simple rules which determine 
quickly whether a transition will be non-zero or not, hence the origin of the selection 
rules for transitions as described in section 4.2.2.2 below. 
Two things should be noted, however, about the selection rules. Firstly, the selection 
rules define only whether a transition is 'allowed' or 'forbidden'. The intensity of 
what is an allowed transition may still be extremely weak to the point of being 0, 
and hence not every allowed transition will appear in the spectrum of a molecule. 
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Secondly, the selection rules are approximations, and strictly forbidden transitions 
may occur to an extent (e.g. see section 4.2.3). 
4.2.2.2 Electronic spin and symmetry selection rules 
As discussed above in section 4.2.2.1, the magnitude of a transition is proportional to 
the magnitude of the square of the transition dipole moment tflm. This depends on the 
charge redistribution associated with the transition and hence on the nature of the 
electronic states involved in the transition. To determine whether a possible transition 
is nonzero or not, a simple set of rules is generally applied as a useful first 
approximation. 
It is assumed that the transition dipole moment may be factorised into contributions 
from the molecular wavefunctions of the electrons and the nuclei (the Born-
Oppenheimer approximation, see section 4.2.2.3). The molecular wavefunctions n 




where S is the total electronic wavefunction which may be split into p,  the electronic 
spatial wavefunction, and ', the electronic spin wavefunction. .A" is the nuclear 
wavefunction. The electronic dipole moment vector j.t operates only on the electronic 
spatial wavefunctions as it depends only on the magnitude and separation of charge. 
The electronic spin and nuclear wavefunctions may thus be written so that they are 
no longer being operated on by p., and so Equation 4-20 becomes  2 : 
p.nm =  
( 
T. I	I m )~ 
	 fl 	 m ) 
Equation 4-23 
The transition dipole moment is therefore a product of the electronic transition 
moment which is dependent upon the spatial wavefunctions of the initial and final 
electronic states, and the overlap integrals of the electron spin and nuclear 
wavefunctions. 
There is a quality that electrons possess referred to above as 'spin'. The quantum 
numbers for this are half-integers i.e. any one electron may possess ± 1/2. The 
numbers for spin are summed linearly for any one system, i.e. if an atom had two 
electrons of spin + 1/2 and - 1/2, the total spin S = 0. The multiplicity of a system = 
2S + 1, so the atom referred to above would have multiplicity 1, known as a singlet 
state, the common ground state for organic molecules. If the electrons had both had 
spin of +1/2, then S would = 1 and the multiplicity = 3, a triplet state. Electrons in the 
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inner shells are all paired, and thus the spin state is decided by the outermost 
('valence') electrons only. 
For .nm to be nonzero, all the terms in Equation 4-23 must be nonzero. Thus the spin 
term 	
n 
 _r ) must be nonzero, and for this to be the case the spin terms in the 
final and initial electronic states must be identical, giving rise to the first electronic 
transition selection rule, the spin selection rule; 
Spin should be conserved in any electronic transition. 
This makes intuitive sense as one would expect that the most probable transition is 
one which requires least perturbation of the molecule. It is interesting to note that, 
while most organic molecules have a singlet, electron spin-paired, ground state, 
molecular oxygen has a triplet, electron spin parallel, ground state. Symmetry 
restrictions prevent this extremely reactive molecule from simply reacting with all 
organic matter on an very fast basis, and hence is actually a condition for the 
continuation of life on Earth under its blanket of what is actually a very corrosive 
chemical, as most car owners know to their cost. 
Although it is not strictly accurate to visualise the electron as spinning in one 
direction or another, it may be helpful to do this in order to visualise the generation 
of an electromagnetic field by a charged object, thus allowing spin-orbit coupling 
(see section 4.3.2.4), the condition for the breaking of the spin selection rule. The 
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quanta of electron spin may be positive or negative, thus resulting in opposing 
electromagnetic quanta - the classical analogy is that two charges spinning in 
opposite directions would generate electromagnetic fields of opposite sign. 
Similarly, for the nuclear term 	
.' 	
) to be nonzero the nuclear 
wavefunctions should be similar, i.e. the nuclear geometry should change little during 
the transition. Such a condition is the justification of the Franck-Condon 
approximation, and the consequence of this is further explored in section 4.2.2.3. 
Finally the electronic term (pnl p.kpm) must be nonzero. For an integral of a function 
J(x) over all x to be nonzero it must be a totally symmetric function 2 . This gives rise 
to the electronic selection rule 
An electronic transition is allowed only if it is totally symmetric. 
The overall symmetry of a molecular electronic wavefunction may be described as 
the product of the symmetries of the individual one-electron wavefunctions that, to 
the first approximation, make up the total wavefunction. 
The Cartesian coordinates for a molecule are defined as the inertial axes; a molecule 
will have axes which are the maximum and minimum moments of inertial. These are 
perpendicular to each other, and the third molecular axis is perpendicular to the other 
two. Each molecule has a point group for which there is an associated character table. 
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The character table is a description of the symmetry operations performable for a 
particular symmetry and the point group is simply a label denoting which character 
table is applicable for the molecule. The point group for any molecule may be easily 
worked out using a set of simple symmetry rules 3 ; the symmetry axes are concordant 
with the Cartesian axes. The translation vector coordinates are defined as the inertial 
Cartesian coordinates and the symmetries of these for any point group are given in 
the character table for that point group. By definition, any molecule in its ground 
state (the normal state, for which the point group is given) is described by the most 
symmetric term for that point group. Other, excited, states have their symmetries 
given by the product of the symmetries of the molecular orbitals (MO's) which give 
rise to them. 
The electronic transition moment, since it is a vector, may be split into components 
along the Cartesian coordinates, according to 
= 	 + I(9nILyk9m)12 + 
Equation 4-24 
This means that for (pnI tkpm) to be nonzero any of these Cartesian-axis components 
may be nonzero. If the contribution of these components is nonequivalent then the 
absorption of radiation will be anisotropic and the transition is said to be polarised. 
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In addition, this explains why aligned molecules such as those within a crystal do not 
absorb radiation isotropically2 . If a molecule has different symmetries along the three 
molecular (Cartesian) axes, this results in a different symmetry of interaction with the 
incoming radiation along each axis. It may well be the case that absorption of 
radiation of a particular energy is symmetry-allowed along only one axis; this 
principle forms the basis of polarisation experiments. Coherent laser light, which can 
be polarised in a variety of ways, is extremely useful for such types of experiment 5 . 
The more formal expression of the electronic selection rule' is that 
['(Vn) X 	X 	= A 
Equation 4-25 
where F stands for 'symmetry species of and A denotes the totally symmetric 
species of the molecular point group concerned. Note that p. may be p.,, uy or p.. In 
effect, one may check if a transition is allowed simply by checking the character table 
for the point group of a molecule. It will be allowed if the excited state symmetry 
matches any of the T - Cartesian axes - symmetry entries in the table. However, this 
treatment describes purely electronic transitions. Molecules may also possess 
vibrational energy in either the initial or the final electronic states and this must be 
taken into account when assessing T. The electronic-vibrational or 'vibronic' 
symmetry ['(Pe,v)  of a transition is again simply the linear product of the two 
symmetries, and thus 
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]1 '(We,v) = 1'( We) . 
Equation 4-26 
This may be substituted into Equation 4-25 to verify whether an electronic transition 
is still allowed with the addition of the vibrational quanta. Since under the Born-
Oppenheimer approximation the electronic and nuclear wavefunctions are separate, 
strictly the substitution is separated into these components. Assuming that the 
(rn i 'm) term in Equation 4-23 is 	1 (the transition is spin-allowed), the 
relevant symmetry terms are {['('IJe.n) X F(t) X ['(We,m)} = A and also 
X F(Wv,m)} (= symmetry of the nuclear overlap term (A" 	= A. In 
practice the nuclear overlap integral has the greatest intensity for totally symmetric 
vibrational modes (including overtones and combination modes which are overall 
totally symmetric) and these generally dominate electronic spectra. The electronic 
selection rule is thus modified to give the vibronic selection rule 
A vibromc transition is allowed only if it is totally symmetric 
It is this fact, that electronic transitions may involve a vibrational component, that 
allows some otherwise forbidden electronic transitions to become visible in the 
spectrum through vibronic coupling, a phenomenon which is discussed further in 
section 4.2.3. 
41 
Finally it should be noted that a photon carries energy in the form of angular 
momentum; in fact all polarisations of light may be represented as being made up of 
combinations of different proportions of left-handed and right-handed circularly 
polarised light. For example, linear light is made up of equal amounts of left and 
right circularly polarised light (see Figure 4-2). The angular momentum cannot 
simply disappear during a transition, given the angular momentum selection rule 
Angular momentum must be conserved 
= 	 + 
Figure 4-2: Components of linearly polarised light (left of picture) are equal 
amounts of left and right circularly polarised light 3 
Photons have one quantum of angular momentum (= ±h). For transitions involving 
the absorption of one photon (the most common case), the transitions must therefore 
only be between orbitals for which At = ± 1 where e is the angular momentum 
quantum number. Analogising to the simpler atomic case, for orbitals with the 
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principal quantum number n = l,2,3 ... n t = O,l,2 ... (n-l). N.B. each orbital may 
contain two spin-paired electrons i.e. each has opposite spin. Orbitals with a common 
€ value are denoted with a letter. 0s, lp, 2=d and so on. Thus an atom will have 
ls,2s,2p,3s,3p,3d... orbitals, filled from the lowest energy upwards until all the 
electrons it has are used. Each of these orbitals has degeneracy of 2€ + 1. If all the 
orbitals for a principal quantum number are filled then this is described as 'closed-
shell'. The number of electrons which may go in each of these orbitals is again 
quantised; it should be noted that any 'closed-shell' orbital is completely symmetric, 
and thus it is the outer shell of electrons which determines the overall symmetry, 
simplifying the symmetry determination. To conserve angular momentum, electronic 
transitions between atomic orbitals involving one photon may only be between s and 
p, p and d, and so on. Similarly, angular momentum must be conserved for molecular 
electronic transitions. 
4.2.2.3 The Born-Oppenheimer approximation and the Franck-Condon principle 
The Born-Oppenheimer approximation  assumes that when nuclei move, the 
electrons instantaneously adjust to the new conformation. This simplifies the solving 
of the Schrodinger equation as for any conformation the nuclei are regarded as 
'frozen' and the equation solved for the electron configuration. For a change in 
nuclear geometry, this is done for several conformations of the nuclei at various 
points in the change. These may be joined together to give a fuller picture of the 
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change (analogous to running films where stationary pictures played in quick 
succession give the impression of motion). This shows the dependence of the energy 
of the molecule on its conformation, the potential energy surface. Such a surface may 
be represented as a simple two-dimensional function of potential energy (ordinate or 
'y-axis') vs. bond length (abscissa or 'x-axis'), R, for a diatomic molecule. R e 
denotes the equilibrium bond length. The surface becomes multi-dimensional for 
polyatomic molecules which may only be represented diagramatically if greatly 
simplified. Also, for polyatomic molecules the x-axis no longer denotes a simple 
change in bond length but instead a change in overall atomic coordinates for the 
whole molecule, generally labelled 'Q', the normal coordinate. 
The Born-Oppenheimer approximation arises from the disparity between the masses 
of the electron and the nucleus, a single proton being approximately 1600 times more 
massive than an electron. For a change in configuration requiring a change in energy 
AE, simple Newtonian equations give the kinetic energy = 'Amy2 where m is the 
mass and v is the velocity. Assuming action and reaction to be equal and opposite, 
for the movement of hydrogen (one proton + one electron) 
'/2 mpRoToNvpRoToN = AE = '/2 mELEcTRoNvELERoN 
Equation 4-27 
Assuming mpRoToN = 1600mELEcoN, this gives vELEcTR0N = 40VPROTON. Thus the 
electrons move quickly compared to the nucleus. This effect is increased for heavier 
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nuclei where, with the inclusion of neutrons, nuclear mass is increasing 
disproportionately to the number of electrons. For chlorine, assuming that the kinetic 
energy is divided equally between the electrons, "Cl vELEcTRON = 57VNUCLEUS, and for 
37C1 VELECTRON = 59v.4IJcLEus. 
The result of this approximation is that the electrons never experience a non-
equilibrium configuration; they never 'see' the nuclei in motion, where the nuclei 
would be unscreened to an extent as any intervening electrons will not be in the 
optimum configuration. This approximation is reasonable to a degree but breaks 
down appreciably under some circumstances, to the extent that some transitions 
which would be forbidden under this regime are observable in the spectrum. 
Breakdown of the Born-Oppenheimer principle occurs where the nuclei undergo 
'rapid' motion, as defined by the electrons no longer being able to adjust effectively 
simultaneously. This may occur with vibrational motion, giving rise to electronic-
and vibrational-state coupling and hence vibronically allowed transitions (see section 
4.2.3). 
Under conditions where the Born-Oppenheimer approximation is valid, the Franck-
Condon principle applies. This states that 
For an electronic transition, the electrons are excited and the transition takes place 
faster than the nuclei can respond. 
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This means that transitions are most favoured when the geometries of the initial state 
and final state are similar; expressed in terms of the wavefunctions, the most 
probable transitions are those with the greatest nuclear overlap integral 
( -4/- 1 -4- ) (see Equation 4-23). 
The method of finding a probability from a mathematically complex wavefunction 
(i.e. one containing 1) was given in Equation 4-15. Applying the same principle to the 
nuclear overlap integral, the Franck-Condon indicated transition probability is given 
by S where 
S = J Wv(n) 4v(m) 
Equation 4-28 
yv are the vibrational wavefunctions, i.e. the integration is over nuclear coordinates 
only' . 
The two potential energy curves representing the lower and upper ground states may 
be drawn on the same diagram. Figure 4-3 shows curves for a diatomic molecule, the 
simplest case. The most probable transition is that for which the vibrational overlap 
integral is maximised. This may be represented diagrammatically by a vertical line 
drawn from the line representing the ground state to a vibrational level of the upper 
state; in Figure 4-3 it is assumed that in the ground state the molecule is at the 
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equilibrium bond length in v=O (most probable location) and the most favourable 
transition from this point is drawn accordingly. This represents the most probable 
transition either for absorption or emission of the absorbed photon according to the 
Franck-Condon principle and is referred to as a 'vertical' transition. 
If the geometries of the ground vibrational levels of the initial and final state are 
similar, the upper state will lie directly above the lower state and most of the 
oscillator strength will be the purely electronic vibrationless (0-0) transition; this 
band will have the greatest intensity. The closer these two geometries match, the less 
probable will be the transition to any other vibrational level in the excited state and 
the other bands from these transitions will become weaker and few bands will be 
apparent (a small Franck-Condon 'envelope' of transitions), although as long as the 
vibrational overlap integral has some value, a transition will have some probability 
and may appear in the spectrum. If, however, the upper state geometry is dissimilar to 
the lower state, its curve will be displaced with respect to the lower curve. Since the 
transition is now to a region with a number of close energy levels, it is probable that 
several of these transitions will be fairly intense and a number of bands will appear in 







Figure 4-3: Most probable ('vertical' - no change in normal coordinate) 
electronic transition for a diatomic molecule starting from the equilibrium bond 
length in the ground state 3; Re and R' e denote the equilibrium bond lengths. In 
this case the most probable transition is the 0-3 transition and this will be the 
most intense band. However, several bands will probably have intensity, leading 
to several bands in the spectrum (a large Franck-Condon 'envelope'). 
Several vibronic transitions may take place based on one electronic transition. These 
are known as progressions and sequences and several types are possible. See Figure 
4-4 for examples: the vibrational quantum number in the upper electronic state is 
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labelled as v' and in the lower as v". Av is unrestricted for electronic transitions, but 
the intensities are obviously governed by the Franck-Condon factors, imposing a 
limit on the number of transitions which actually appear in a spectrum. It should be 
noted that each vibrational level is made up of a subset of rovibronic levels i.e. 
different rotational states. However, for a large molecule the rovibronic transitions 
are generally not resolved and a single band is observed, consisting of all the 
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Progressions 	 Sequences 
Figure 4-4: Progressions and sequences for an electronic transition of a diatomic 
molecule  
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As discussed in section 4.2.1, a polyatomic molecule of N atoms has 3N - 6 
vibrations (or 3N-5 for a linear molecule). It should also be noted that for polyatomic 
molecules it is possible that several vibrations may be involved in any one transition 
leading to 'combination' bands. This is one of the features which causes congestion 
of polyatomic spectra, hence the desire for a method for simplifying the spectrum by 
internal cooling using supersonic jets. 
4.2.3 Vibronic coupling 
Vibronic coupling is a mechanism which may lend intensity to those transitions 
which are normally forbidden in the electronic spectrum. The probability of an 
electronic transition is proportional to k1nmI 2  (see Equation 4-19), where nm = the 
electronic transition moment, given by 
.Le = I We(n) J.L  We(m) dt 
Equation 4-29 
where We  denotes only the electronic spatial wavefunction. However, the molecule 
may have vibrational quanta in either the final or the initial electronic state, and 
hence now .Lflm = and the integral must be written 
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LLev = If NJe(n) NJv(n) t  We(m) 41v(m) the dTnuc 
Equation 4-30 
.Lev now contains a term for the motion of the nuclei, the nuclear spatial wavefunction 
Tv which was neglected in Equation 4-23 as no vibrational motion was assumed. In 
the case of the Born-Oppenheimer approximation, 11e  is regarded as a constant, 
independent of the movement of the nuclei, and in this case the equation is written as 
.Lev = te 5 4fv(n) I.L Wv(m) dTnuc 
Equation 4-31 
However, as is intuitively apparent, the nuclear motion is not completely decoupled 
from the electronic motion and the two will interact. If the nuclei move rapidly 
enough, i.e. are vibrationally fairly excited, then there may be a breakdown of the 
Born-Oppenheimer approximation as the electrons now experience the movement of 
the nuclei to some extent, giving  
15 'tte 
(Pe)eq + z..4jJeq Qi 
Equation 4-32 
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where eq refers to the equilibrium configuration and Q is a general vibrational 
coordinate, i.e. = the equilibrium electric dipole moment plus a perturbation due to 
the vibrational motion. As there is a mechanism where the electronic state mixes with 
a vibrational state due to the breakdown of the Born-Oppenheimer approximation, 
the electronic state may gain some symmetry character of the vibration. The vibronic 
transition may now be of the correct symmetry to be allowed, whereas the pure 
electronic transition was not. This causes strictly 'forbidden' transitions to be visible 
in the spectrum and is known as Herzberg-Teller coupling. Thus, Equation 4-25 
becomes: 
I'('4Je(n)) X F(w(fl)) x F(.t) x 1(Ve(m))  x F(wv(rn)) = A 
Equation 4-33 
and as long as the transition satisfies this equation, it will be allowed to some extent, 
resulting in simultaneous electronic and vibrational excitation (it should be noted that 
in order for the transition to be allowed the state symmetry of the excited electronic 
state F(We(fl)) X  ['(4Jv(n)) X  ['(We(m)) X F('4Jv(m)) must = JT(t)). The effect is generally 
fairly weak; however sometimes vibronically-induced transitions may be of a 
significant intensity. Although any vibration of the correct symmetry theoretically 
causes the transition to be allowed to an extent, in practice significant intensity is 
gained only if there is a close-lying allowed electronic transition and the vibration is 
of the correct symmetry to allow coupling of the forbidden and allowed electronic 
transitions (sometimes referred to as intensity 'borrowing' or stealing'). Coupling is 
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symmetry-allowed if the state symmetry x the vibration symmetry = symmetry of the 
intensity-lending allowed transition (the forbidden transition is mixing with this and 
gaining some allowed character). If the coupling is strong and/or the allowed 
15 
transition has a large oscillator strength, there is a large term and a 
significant intensity may be given to the transition. In effect the vibration induces a 
distortion of the electronic wavefunction so that it resembles that of another 
electronic state which has an allowed transition. 
As well as allowing previously forbidden electronic transitions, vibronic coupling 
may sometimes give intensity to some otherwise forbidden vibrational bands in the 
spectrum of an allowed electronic transition, as long as the conditions specified in 
Equation 4-33 are satisfied. Vibronic coupling may also affect transitions that are 
symmetry allowed; again Equation 4-33 must be satisfied, with the coupling being 
between close-lying states. Although the affected transitions are not 'extra' bands in 
the spectrum in the sense that they are already allowed, they may gain intensity 
through this process. They may, indeed, have had accidentally zero or near-zero 
transition intensities so that although they were allowed they were below the 
detection limit. Such intensity stealing may lead to longer vibrational progressions in 
the spectra, an indication that the spectrum is not entirely Franck-Condon mediated, 
as would be expected for a breakdown in the Born-Oppenheimer principle. 
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4.3 Deexcitation mechanisms in the excited molecule 
All the phenomena discussed in section 4.2 assume simple Franck-Condon governed 
transitions. In fact there are several classes of transitions whose intensity is not 
governed solely by Franck-Condon factors. These are discussed in this section. They 
can, however, be represented simply by a standard Jablonski diagram; see Figure 4-5. 
Nonradiative processes such as intersystem crossing (ISC) internal conversion (IC) 
and vibrational relaxation (VR) are represented by wavy lines, while radiative 





So 	 Si 	 Ti  
Figure 4-5: Jablonski diagram  for ground state (So), first excited singlet state 
(Si) and first excited triplet state (T 1). 
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4.3.1 Fluorescence excitation and R 2PI spectra 
The type of spectra recorded in this experiment are generally fluorescence excitation 
spectra. The sample molecules are initially in or close to the ground vibrational level 
of the ground electronic state. The molecules are then pumped to an electronically 
excited state using a laser and the total fluorescence (at all wavelengths) is collected. 
The intensity of the collected fluorescence is plotted as a function of the excitation 
wavelength. The spectrum is the linear vector product of the absorption spectrum and 
the fluorescence quantum yield. It should be noted that since in general in the 
environment of the supersonic jet the molecule is vibrationless in the ground state, 
the separation of the vibronic bands from the electronic origin gives the vibrational 
energies in the excited state. The spectrum seen shows only those states which result 
in fluorescence via some mechanism, and the fluorescence quantum yield and those 
other processes which reduce it (see section 4.3.2) are of importance. 
A few spectra presented here are resonance-enhanced two-photon ionisation (R 2PI) 
spectra, where ionisation spectra may be gained using the same laser excitation 
system with electrode detectors rather than a photomultiplier. Although the signal-to-
noise ratio (SNR) is generally lower than in fluorescence excitation spectra due to the 
higher excitation laser intensities necessary, this technique is useful for those 
molecules where fluorescence is not observed. R 2PI is a process whereby initially one 
photon is absorbed from the ground state, exciting the molecule to an allowed energy 
level. Another photon is then absorbed, taking the molecule above its ionisation limit 
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and ionising the molecule. The sum of the energy of the photons must at least equal 
that of the ionisation potential. As the laser wavelength is tuned, signal will appear 
when an intermediate energy level is found and a spectrum of the energy levels is 
thereby gained. 
In R2PI, the two photons may be identical in wavelength (a 'one colour' process) or 
non-identical (a 'two colour' process). For the one-colour process to be accessible, 
the molecular ionisation potential must be such that the intermediate excited energy 
level under investigation is more than halfway between the ground state and the 
ionisation potential. If it is less than halfway, the sum of the energy of the two 
photons will come to less than the energy of the ionisation potential, the molecule 
will not be ionised, and there will be no signal. A two-colour process must then be 
used, which requires the use of two laser systems: for this reason the R2PI spectra 
presented here are all one-colour. 
Multiphoton processes - those involving more than two photons - can also occur, 
though the probability of the process decreases greatly with each additional photon 
involved. (Probability is hence also linked to laser irradiance, as this obviously alters 
the density of photons and the probability of the molecule absorbing a photon.) Any 
such bands resulting from these processes will therefore be extremely weak. 
For molecules in the solution phase, the rate of collision is faster than the radiative 
decay rate of any excited state above Si. The solvent thus removes electronic energy 
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down to the S 1 level. It also removes excess vibrational energy, and any fluorescence 
is therefore observed only from the ground vibrational level of this state (other types 
of loss from the excited state are dealt with later in this chapter; see section 4.3.2). 
This solvent relaxation gives the result that much of the fluorescence is redshifted 
compared to the excitation wavelength. However, within a supersonic jet such 
collisional relaxation does not happen. Excitation to a higher electronic state may 
well, therefore, result in fluorescence, although the fluorescence quantum yield of 
such states is often considerably less than that for the S, state. This is due to the 
increased number of nonradiative decay routes; for example there will be dense 
vibrational levels from lower excited states, promoting intersystem crossing (see 
section 4.3). 
Although collisional relaxation does not happen effectively within a supersonic jet, 
there are alternative methods of relaxation. For example, infra-red radiation may be 
emitted to reduce vibrational excitation 2 . Whatever vibrational level the molecules 
are excited to, there is a distinct possibility that fluorescence will not be to v=O, the 
vibrationless level of the ground electronic state but to a higher vibrational level 
within the Franck-Condon envelope (emission to the red of the excitation 
wavelength). 
If the transition is between electronic states of similar geometry, then transitions with 
Av=O will have greatest probability. Those transitions which maximise the Franck- 
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Condon factors will, in this case, tend to be 1-1, 2-2, etc., known as sequence bands 
to the main peak. These transitions are generally of similar but slightly shorter 
wavelength than the main 0-0 band, and are often incompletely resolved from it. If 
the ground electronic state is incompletely cooled then transitions originating from a 
vibrationally excited ground electronic state may occur. Hence sequence bands may 
occur in the spectrum as well as the most favoured 0-0 band (see Figure 4-4). 
Emission to states of a higher energy than the original state means that even in the jet 
some of the fluorescence will still be redshifted compared to the incoming radiation. 
It should be noted that this redshifting will not be to as great an extent as in the 
solution phase for two reasons; first as discussed above the molecules are not 
collisionally deexcited. Secondly, within a solution phase environment, the 
molecules of the solute and solvent may well interact. For example, a polarity change 
in an excited state will be quickly compensated for by the re-alignment of the solvent 
molecules if polar and/or the induction of a dipole if not. Such interaction stabilises 
the excited state, making it less energetic with respect to the ground state, and thus 
radiation emitted from the excited molecule will be of longer wavelength than 
otherwise. Hence in the presence of solvent effects the 0-0 excitation and emission 
transitions are no longer identical wavelengths, unlike the conditions within the jet. 
However even in the jet considerable oscillator strength occurs in the emission 
transitions to the red of the 0-0 transition and therefore the signal quality may be 
enhanced by excluding the scattered light with the use of long pass filters. 
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4.3.2 Excited state population loss mechanisms 
Section 4.2.2 discussed the selection rules governing electronic transitions. These 
apply similarly to 'downward' transitions with the emission of a photon from an 
excited state of some type as well as 'upward' excitation. However, there are several 
competing excited state loss mechanisms, both radiative and non-radiative, that 
contribute to the overall loss of population from an optically excited electronic state 
by an excitation source such as a laser beam. The proportion of light which is re-
emitted as fluorescence radiation compared to the original amount of light absorbed, 
expressed as a fraction, is the fluorescence quantum yield of the molecule  OF: 
OF  = number of quanta radiated as fluorescence 
number of quanta absorbed 
Equation 4-34 
Depopulation mechanisms other than the simple re-emission of a photon to drop 
from an excited electronic state of one symmetry to another of the same symmetry, 
i.e. fluorescence, are of importance because they decrease OF,  an undesirable effect 
for our experiments (see section 4.3.1). A discussion of those processes which reduce 
OF are given in this section. Fluorescence itself is an extremely fast process so that an 
experiment set up to receive fluorescence will generally exclude radiation of a longer 
lifetime such as phosphorescence, hence even if a loss mechanism results in radiative 
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decay ( eg. phosphorescence or delayed E-type fluorescence, the result of operation 
ISC' in Figure 4-5) it will reduce the total perceived luminescence. 
Molecules which do not fluoresce even though they have absorbed a photon transfer 
the energy instead to some other electronic state. Other than emission of a photon, 
there are two general mechanisms to move to other electronic states; curve crossing 
(see section 4.3.2.1) and tunnelling (see section 4.3.2.3). Equation 4-17 gave an 
expression for the probability of a transition between states of different energies in 
the presence of radiation. This can be generalised to 2 : 
4 2 sin  - Aot 
p 	 1 nm 	 2 
Ao 2 
Equation 4-35 
where Hnm = (141 ifii' 1141)  and ft' is the relevant portion of any general 
Hamiltonian responsible for driving the transition. As before Hnm may be written in 
terms of electronic and nuclear elements: 
Hnm = (& Ift"S .)(-/r '-/r.) 
Equation 4-36 
mc 
Also as before (i" I .iV' 
m) 
is the nuclear overlap integral, the square of which 
gives the Franck-Condon factor for the transition, so all transitions, not just radiative 
ones, are Franck-Condon moderated. 
However, Equation 4-35 is for a transition from one state to another, the 'state to 
state' transition probability. For a transition there will be a number of states 
in an energy region E to E + dE, the 'density of states' PH.  For a molecule with p,1 
energy states in this region (pn is commonly large for polyatomic molecules), to give 
the total probability of transition from Wm  Equation 4-35 must be worked out for each 
energy state (i.e. p,, times) and summed. For very small dE Equation 4-35 may be 
integrated: 
4H2 sin 2ixcot 
Pn - m 
nm 	2 	dE 
	
band h2 Aco 
O 
Equation 4-37 
Assuming as previously a small A(o and extending the limits of the integration from 
(-cc) to (+cc) (a small approximation as the probability of transition falls off very 
quickly as A(o increases) and that the density of states over all points in the integral 
may be represented by an average density of states at the centre of the band, j, 
gives the Fermi golden rule: 
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d 	27E 2- 
P. Hnm P. 
Equation 4-38 
The form of this equation is no longer dependent upon the energy of incoming 
radiation and is valid for all transitions including nonradiative ones; for nonradiative 
processes p, refers to the density of vibronic states in the final electronic state which 
are or are nearly isoenergetic with the initial state. 
4.3.2.1 Curve crossing 
For a diatomic vibronic oscillation of a molecule, there is a standard type of potential 
energy diagram which displays the potential (see Figure 4-3). In fact, since the 
molecule may vibrate in any attitude, this is a 3-dimensional surface, symmetric 
about the central repulsive potential. Polyatomic molecules will have several 
different modes of oscillation which can be represented in this manner and thus the 
potential may only be represented by an n-dimensional diagram (n > 3). These 
electronic states may be completely separate (see Figure 4-6a) or may possibly cross 
each other at some point as in Figure 4-6b. 
For a molecule with two potential energy level surfaces for two states crossing, at the 
point where the curves cross the two states have the same potential energy for the 
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same nuclear geometry. If there is a mechanism to move the electrons of the system 
from one configuration into the other then the molecule may move into the other 
potential surface, i.e. if the electrons adjust themselves appropriately, crossing from 
one curve to the other necessitates no movement for adjustment on the part of the 
nuclei, giving a large nuclear overlap integral 
(
-A/- . I .íY 
m ) 




a) 	 b) 
Normal coordinate 
Figure 4-6: Electronic states a) that do not cross, b) that cross each other 
4.3.2.2 Avoided crossings 
For pure electronic states which have the same symmetry, extremely small state 




'avoided crossing'. This may lead to a state with a double potential minimum: see 
Figure 4-7. Vertical excitation from a lower energy state will still lead to population 
of the Franck-Condon favoured levels. Where there is a high or wide barrier between 
the minima, the molecule will probably not move between the minima and the state 
will fluoresce as normal. For low or narrow minima, however, the possibility of 
tunnelling between the two minima exists (see section 4.3.2.3 below). Although 
fluorescence from this state down to the ground state is not spin-forbidden, the 
transition is no longer vertical and has smaller Franck-Condon factors. 
Normal coordinate 
Figure 4-7: Electronic states coupling to give an avoided crossing 
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4.3.2.3 Tunnelling 
The simple description of an electron held by a nucleus is that of a particle in a box 3 . 
This assumes that the boundary conditions rise to infinity if the particle tries to 
escape. However, this is not completely true. The energy levels may be represented 
within this system as oscillations, with a higher frequency of oscillation for a higher 
level. Once the boundary is reached, the decay of the wavefunction is exponential. 
For walls of infinite height and/or thickness (the boundary conditions usually 
specified to solve the 'particle in a box' model of oscillation), this is unimportant. 
However, if the walls are thin (or low) to the extent that the wavefunction has not 
decayed to zero by the time the wall stops and the potential energy around the 
particle thus becomes zero once again, what remains of the wavefunction will 
oscillate outside the box 6 . This means that there is a small statistical probability that 
the particle can escape the box, the phenomenon known as tunnelling. For tunnelling 
between two electronic states, the probability of tunnelling increases where the 
potential barrier is low and/or narrow as high or wide barriers will more effectively 
diminish the wavefunction towards zero. 
If transitions are described in terms of a tunnelling process the probability of 
transition can be described in terms of the barrier width  i.e. the horizontal distance 
between the potential energy curves; this is another way of expressing the nuclear 
overlap integral (jj/" L,ii"). The probability decreases exponentially with barrier 
width, and hence although the transition can be modelled in terms of tunnelling, the 
Wi 
process is at its most probable at a curve crossing point, since the barrier width is 
then negligible. At this point it may therefore also be described as curve-crossing; in 
either case it is the same process. 
4.3.2.4 Intersystem crossing 
Intersystem crossing (ISC) is a spin-forbidden curve crossing mechanism. It describes 
the transition from a singlet (spin paired) state to a lower energy triplet (two electrons 
of parallel spin) state. While the ground state of organic molecules is generally a 
singlet state, for excited states the corresponding triplet state is always at lower 
energy than the singlet state of otherwise similar symmetry terms due to the 
electromagnetic interactions. 
If two electrons are within the same orbital, they will tend to 'pair' their spins, i.e. 
one will have a positive quantum of spin and the other a negative quantum of spin, in 
order to reduce the repulsion in the confined space. However, if a molecule is excited 
and these two electrons are now in different orbitals, the state of lowest energy is that 
of having the electrons adopt the greatest spin multiplicity (Hund's rule 2). Thus there 
is a splitting in energy between the singlet and corresponding triplet states. The size 
of the splitting is linked to the amount of repulsion felt in the original orbitals 
involved in an electronic transition; if the spin allowed (e.g. singlet-singlet) 
electronic excitation is between two molecular orbitals which overlap only a little, 
there will be less repulsion than for those states which overlap a great deal. The 
electron therefore feels less 'pressure' to invert its spin and the splitting is not as 
great as for the opposite case. 
The spin of the electron means that it has an amount of angular momentum, while its 
motion around the nucleus of a molecule also has angular momentum. Both these 
motions give rise to electromagnetic fields which are normally described as being 
separate. However, they do interact, mediated by the magnetic field generated by the 
nucleus of the atom, hence the strength of the spin-orbit interaction is strongly 
dependent on the mass of the nuclei involved. The strength of the spin-orbit coupling 
is extremely nonlinear with mass (depending on Z 4 in atomic spectra where Z is the 
number of protons in the nucleus) and thus increases greatly for those molecules 
which contain heavy atoms. 
This interaction means that for the two outermost electrons which participate in the 
transition, their relative orientation may change. Instead of being completely opposite 
(singlet) or aligned (triplet), a singlet state may gain some triplet character and vice 
versa. Hence for a singlet—*triplet transition where the singlet state has gained some 
triplet character the spin overlap term 	
- m) 
for the two states is no longer 
nonzero and the transition gains some allowed character. The transition is still 
subject to selection rules. The rotation of the electron may be resolved into Cartesian 
coordinates; for the spin-orbit coupling to be nonzero only one of the components 
need be nonzero. In a molecule the symmetry is the same as the rotations (R x, y, and 
It 
z entries) in a character table. Equation 4-33 may be generalised to include all 
transitions to give: 
F(Wen) X IT(IJv(n)) X ['(H') X ['(We(.)) X  F(Wv(m)) = A 
Equation 4-39 
In the case of spin-orbit coupling H' = H 50 This has the practical result that, with 
the exception of molecules for which one of the rotations transforms as the totally 
symmetric irreducible representation, singlet-triplet transitions are forbidden between 
two (n, ir*)  or (it, it*)  states but are allowed between (n, it*)  and (it, it*)  states 
(El-Sayed's rules). However, coupling between the electronic () and nuclear (A") 
components in Equation 4-36 (a breakdown in the Born-Oppenheimer 
approximation) provides a further perturbation mechanism as the electrons 
experience a different nuclear magnetic field which may again alter the spin 
orientation and transitions forbidden under el-Sayed's rules will be allowed via this 
route. 
The resulting triplet-state molecules are still electronically excited and can weakly 
emit photons in order to return to the ground electronic state. The transition is again 
spin-forbidden and the state therefore has a long lifetime, but occurs due to the same 
coupling mechanism; see Figure 4-5. The return transition from the excited triplet 
state to the excited singlet state is also allowed as long as enough energy is conserved 
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during the transition, and gives rise to what is known as delayed e-type fluorescence. 
In the condensed phase, since the excited molecule loses vibrational energy to the 
surrounding medium, there is an additional requirement for the molecule to have a 
small singlet-triplet energy difference between the vibrationless levels of the singlet 
and triplet electronic states in order to allow the possibility of thermal excitation of 
the triplet state molecule to a vibrational level of equivalent energy to the singlet 
ground vibrational state. This requirement is not so important in the gas phase since 
the triplet-state molecule will not have been collisionally relaxed to the lowest 
vibrational level. Intramolecular YR may occur, but at a slower rate. However, in 
either type of luminescence, the long lifetime will prevent it from being registered 
during the experiments presented in this thesis. Molecules containing several ISC-
promoting heavy atoms or with greatly overlapping orbitals such as it aromatic ring 
systems may well have a high phosphorescence quantum yield, reducing IF. 
4.3.2.5 Predissocialion 
Excitation of a molecule into high vibrational levels of the excited electronic state 
will reach a point when the molecule dissociates, the dissociation limit. At this point 
the structure in an absorption spectrum will stop and the spectrum will show a 
continuum; in an emission or excitation spectrum no bands will be seen from this 
point. 
If, in an absorption spectrum, vibrational structure in the spectrum stops or bands 
disappear altogether in an emission or excitation spectrum, followed by reappearance 
of the structure or bands respectively at higher energies, predissociation is taking 
place. This occurs where there is coupling between the excited electronic state and a 
dissociative state (illustrated in Figure 4-8) and is therefore most favoured between 
states of the same spin multiplicity - a form of internal conversion (see section 
4.3.2.6). Since all the levels within an unbound state are dissociative, the excitation 
energy will be lost as translational energy within the molecular fragments. Once the 
interaction region is passed, however, this is no longer a significant loss mechanism 








Figure 4-8: Coupling between the excited state and the dissociative state will 






4.3.2.6 Internal conversion 
Internal conversion (IC) occurs when a molecule moves from a state of one spin 
multiplicity to another state of the same spin multiplicity; for example in Figure 4-5 
(see section 4.2.2.3), from S 1 to a highly vibrationally excited state of S0. There is 
often a very low barrier between the two energy levels, and thus internal conversion 
may be described in terms of a tunnelling mechanism between one state and another 8 . 
Normal coordinate 
Figure 4-9: Internal conversion. The length of the arrow denotes the 'barrier 
width ' 8 . Density of vibrational levels for the lower electronic state is large at the 
point of conversion. 
For S0—S1 internal conversion, the process is likely to leave the molecule highly 
vibrationally excited; see Figure 4-5. In the condensed phase this now vibrationally 
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'hot' molecule would be quickly relaxed down to the ground vibrational state by the 
surrounding particles. Within the mainly collision-free environment of a supersonic 
jet, however, this is less likely. Such a molecule may emit several infra-red photons, 
or it may have sufficient vibrational energy to induce molecular fragmentation. This 
latter becomes more likely at higher vibrational energies, since the vibrational modes 
of a molecule are more satisfactorily described by the local mode model as v 
increases6. In brief, this means that at lower values of v, vibrational motion is 'spread 
out' over the molecule, the 'normal mode' model. At higher values, the motion tends 
to be more localised in one bond, the local mode model, thus making it easier for that 
bond to be broken. However, for a large molecule, the energy may also be 
redistributed amongst several vibrations (see section 4.3.2.7), so that no vibration has 
enough energy to induce fragmentation. The probability of fragmentation therefore 
depends not only on the total vibrational energy but the speed of energy 
redistribution. 
Internal conversion occurs via the nuclear kinetic energy operator, and in 
Equation 4-39 if = H NUC  This depends upon the positions of the nuclei and always 
transforms as the totally symmetric species of the point group of a molecule. Hence 
in order for Equation 4-39 to be nonzero, F(We(n)) X ['(Wv(n)) and  lI'(We(m)) X  F(Wv(m)) 
must be identical. The large amount of vibrational energy the molecule possesses 
after the process means that the Born-Oppenheimer approximation will not be 
completely valid; however, the symmetry requirement remains an important factor 
for the transition probability. The nuclear overlap integral 	.V'm ) of two 
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vibronic states depends on the energy separation; it is inversely proportional to a term 
v given by the 'energy gap law': 
V = 
	v = 0 - Em, v = o 
hcv 
Equation 4-40 
where E,=o and E.,v=o denote the vibrationless energies of the final and initial states, 
and is the wavenumber of the vibronic level(s) in the final state (n). Hence as the 
energy gap increases, the Franck-Condon factors decrease and the transition is less 
probable. This has the result that for the S0<-S 1 and S0+-S2 transitions where the 
difference in energy between the final and initial states is quite large, the vibrational 
overlap integral is correspondingly small. In these circumstances internal conversion 
has low probability and does not compete effectively as a loss mechanism. 
4.3.2.7 Vibrational redistribution 
Vibrational redistribution describes the process whereby an electronic state with 
some excitation in a single vibrational state evolves over time to become a statistical 
distribution of vibrational states. The process occurs without a change of electronic 
state and allows the excitation of vibrational modes that are not favoured by Franck-
Condon factors. Speaking mechanically, this allows vibrational energy to move from 
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one mode of vibration to another and is a fairly fast process, taking place only in a 
few ps8 . 
The process of vibrational redistribution is allowed via small perturbations between 
vibrational states within a small energy öE with a fairly large density of states. Given 
the normal mode model, it makes sense that this should be so, since any vibration is 
presumed to move all the atoms in the molecule at once at a common frequency. 
Since any of these modes will move all the atoms to some extent, it is easy for the 
molecule to cross from one state into another. Although the normal mode model is 
more useful for molecules possessing few vibrational quanta, this remains true to an 
extent even at higher vibrational energies, where redistribution is more likely to take 
place due to the high density of states. 
Despite the speed of this process it does not happen within a molecule that is 
undergoing laser desorption (see chapter 6). The process of laser desorption of intact 
neutral molecules relies on there being a frequency mismatch (a large E) between 
the internal vibrational modes of the molecule and the bond between the molecule 
and its surroundings. Since the coupling that allows vibrational redistribution is by 
far the greatest between modes of similar energy, such a mismatch allows the 
intermolecular 'bond' to be broken, freeing the molecule into the gas phase, before 




It may be seen from the above chapter that the fluorescence excitation spectrum of a 
molecule is not a simple matter of exciting one state and observing fluorescence from 
that state. In reality the picture is fairly complicated and becomes more complicated 
as the number of atoms in the molecule increases, allowing a greater number of 
possibilities in, for example, coupling between close-lying states, since the density of 
states is greater for many-atom molecules. Those molecules investigated in this thesis 
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5. Supersonic jets 
5.1 Overview 
In order to simplify a complex spectrum, two conditions should be fulfilled. Firstly, it 
is desirable to cool a molecule so that in the ground electronic state only the 
vibrationless level is populated. Secondly, the molecule should be isolated in order to 
allow the photophysics of the unperturbed molecule to be investigated. Previously, 
these conditions were fulfilled by the use of matrix isolation, where the molecule of 
interest is isolated in a matrix of other material at the temperature of liquid helium 
(4.2K)'. However, the sample is still in a condensed phase and even for relatively 
noninterfering matrices the sample is still affected; for example, the molecules will 
be in a distribution of crystal sites within the frozen lattice. For each site the 
molecule will be in a slightly different conformation, altering the energy levels of the 
molecule. Hence the spectra, although still very similar, are nonidentical for each 
site. The result is several overlapping spectra, making the spectrum very complex and 
often difficult to interpret. 
Supersonic jets were developed from molecular beam sources. These were used for 
scattering experiments where a beam of molecules of a given velocity and a narrow 
velocity distribution were required. This was achieved by allowing a reservoir of gas 
under pressure to expand under controlled conditions. The expansion is accompanied 
by a cooling effect2 (see section 5.2). This cooling effect is utilised by altering 
77 
conditions for optimised cooling rather than optimised velocity distribution and 
investigating the molecules within the jet where they are cold and isolated. 
5.2 Formation of a supersonic jet 
In order to form the jet gas at a high pressure is released from a reservoir via a nozzle 
such that the gas that emerges is unidirectional with little deviation. The flow may be 
either continuous or pulsed, as in these experiments. Expansion is from a nozzle with 
Kn  as defined by 
Kn = 	Mean free path of gas in source 
Smallest dimension of orifice i.e. Diameter of nozzle 
Equation 5-1 
For Kn < 1 ('hydrodynamic flow' source) many collisions occur in the region of the 
nozzle. There is an increase in forward velocity v during expansion. Assuming that 
the expansion is isentropic (no change in total overall energy), the increase results 
from a reduction in the local enthalpy of the gas, and hence there is a lowering in 






where y is the heat capacity ratio C/C (heat capacity at constant pressure over that 
at constant volume) and M is the mach number in the collision-free zone downstream 
of the jet. Since temperature decreases respective to the molecular frame, the 
classical speed of sound, a, also decreases within the flow; 
a = (ykT/m) 
Equation 5-3 





For M > 1 the flow is termed 'supersonic'. For very narrow translational energy 
distributions high orders of Mach number can be reached. The change in velocity 









The velocity distribution in the jet is much narrower than that for the initial gas. 
There are therefore few collisions after a critical point (the end of the 'collision 
region' of the jet). The number of collisions between molecules of a gas is one 
measure of temperature, so the almost collisionless gas we have obtained is 
translationally very cold within the jet. Analagous to a beaker in a glass of water 
being cooled by the cold water bath, this translationally cool gas acts as a cool bath, 
cooling the other, internal, degrees of freedom (vibration and rotation). 
Translational and rotational energy quanta are both small and are therefore easily 
exchanged. Rotational energy is, consequently, easily lost to the cold translational 
bath and few rotational levels are populated. For small molecules of a few atoms the 
cooling is to the order of 1 K. By comparison vibrational quanta are quite large, and 
energy is less easily exchanged between translation and vibration. The molecule does 
cool vibrationally, but not quite as efficiently as rotationally. For a small molecule, as 
defined before, vibrational cooling is to the order of 10 K. The collision region is 
finite, and after this the population of energy levels is static. The net result of this is 
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that we have reached the desired condition of having a molecule which is at the same 
time gaseous and also extremely cold internally. 
In order to effectively cool larger molecules (of approximately 20 atoms or above) 
with their high density of possible energy states, they are generally seeded within a 
jet composed primarily of a monatomic gas. Since atoms have no rotational or 
vibrational degrees of freedom, they are efficiently cooled and act as an effective bath 
to the large molecules. Large molecules cool rotationally to the order of 10 K and 
vibrationally to the order of 50 K. For these molecules, there is, therefore, a limited 
amount of information available even with cooling as only the electronic states and 
vibrational progressions may readily be resolved. Complete resolution of the 
rotational states is not presently possible even using supersonic jets. However, much 
more accurate information than before can be obtained for these molecules. For 
example, the gas phase spectrum of a coumarin compound is demonstrably 
simplified with cooling from an unresolvable smeared peak (see Figure 5-1) to a 
spectrum with sharp resolved peaks (see Figure 5-2). 
Since the final velocity achieved is strongly dependent on the molecular or atomic 
properties, it will generally be different for each species present in the gas. In general, 
since at a given temperature the mean velocity of a molecule is inversely proportional 
to its mass and larger molecules therefore have a smaller initial velocity, larger 
molecules also have a slower final velocity. For a mixed gas, the larger components 
will not, therefore, be travelling as fast as the smaller components, a phenomenon 
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known as 'velocity slip'. This will occur even if the molecules are seeded into the jet 
during the collision period as in these experiments (rather than being present in the 
gas before expansion); possibly more so since the sample molecules in this case, 
being desorbed at 900  to the jet, have very little component of velocity in the 
direction of the jet. Should the jet expand for any distance this process may become 
significant, setting up shock waves in the jet as the faster-moving jet components 
impact with the slower-moving ones, heating up the sample molecules. However, in 
this experiment the jet is investigated only a short distance from where it emerges 
and the phenomenon has not had time to significantly degrade the spectra. 
Figure 5-1: Fluorescence excitation (curve to higher energy) and fluorescence 
(curve to lower energy) of gas phase 7-diethylamino-4-trifluoromethyl coumarin 
at 503K and 0.8 mbar. The three marked peaks are the positions of the 0-0 peak 
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Figure 5-2: Laser induced fluorescence excitation spectrum of jet cooled 
7-diethylamino-4-trifluoromethyl coumarin, reproduced from reference 3. 
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5.3 Choice of carrier gas 
Different molecules require different pressures of carrier gas for optimum cooling, 
due to the fact that there are two effects; greater cooling at higher pressure, and 
greater probability of formation of van der Waals complexes at higher pressures. 
Such van der Waals complexes are obviously undesirable as their presence congests 
the spectrum and inhibits effective molecular cooling. A balance point is therefore 
reached where the optimum spectrum is obtained. Different atomic gases obviously 
have different cross-sectional areas. This affects their likelihood of colliding with the 
molecule. For stable complex formation the collision would probably have to be a 
three-body process such as 
A + B +M -+ AB* + M -* AB(STABILISED) + M* 
where * indicates an excited species. For smaller molecules of up to 20 atoms or so, 
less gas pressure is required for effective cooling and extremely clear spectra can be 
gained. With these low pressures the likelihood of formation of van der Waals 
complexes is small and a large gas with efficient cooling properties such as Ar may 
be used. For larger molecules greater gas pressures are required for effective cooling 
to take place, and in this case the choice of carrier gas is more critical. Carrier gases 
with a smaller cross-sectional area which will still collide with and cool the sample 
molecule but which are statistically less likely to impact upon the molecule 
simultaneously with another carrier gas species (therefore lowering the possibility of 
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van der Waals complex formation) are more desirable for larger sample molecules. A 
good example of this, and the gas used for larger molecules/ higher pressures in these 
experiments, is He. 
One final point in deciding the pressure of gas necessary to cool the molecule is the 
concentration of the sample molecule within the jets. Whilst a low pressure of gas 
results in a small possibility of formation of van der Waals complexes, the relative 
concentration of sample molecules is increased, so that there are less carrier gas 
atoms per sample molecule. Under these conditions cooling may be inhibited, 
resulting in hot, noisy spectra. Conversely, while a high pressure of gas yields very 
cool molecules, the concentration of molecules at any one point in the jet pulse is 
generally diminished, reducing the signal yield. For any one molecule there is 
therefore an optimum combination of gas type, amount of molecules seeded in the jet 
and the gas backing pressure that will give the clearest, coldest spectrum. See section 
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6. Laser Desorption 
6.1 Introduction 
Desorption is the process of obtaining molecules in the gas phase from the surface of 
a condensed phase. Conventional methods for techniques requiring gas-phase 
samples involve heating the solid or liquid sample to achieve this. This has the 
disadvantage that only thermally stable molecules (often in practice this means 
molecules of only a few atoms, although this is not universally the case) can be 
investigated. Thermally labile molecules dissociate upon heating to a greater or lesser 
degree and cannot be obtained intact in the gaseous phase. Again in practice 
thermally labile molecules are often large molecules but this is not universally so. 
Since sample molecules are required in the gaseous phase for conventional 
supersonic jet spectroscopy prior to mixing with a carrier gas, many molecules are 
thus precluded from being investigated. Often, the very molecules which are 
precluded from study (for example, peptides) are some of the most interesting. 
Laser desorption, by contrast, is a method of desorption which allows molecules to 
be desorbed directly into the gas phase without the need for sample heating. Through 
the application of pulsed JR radiation to a solid sample molecules are released into 
the gas phase intact and neutral'. More detailed discussion of the mechanism is given 
later (see section 6.3). Molecules are released in this way even for involatile and/or 
thermally labile molecules into which category many biomolecules fall. The use of 
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laser desorption as a technique of obtaining gas phase molecules is therefore, in 
principle, greatly advantageous compared to simple heating. Finally, although the 
technique is useful for involatile and/or thermally labile molecules, it is not limited to 
these. The technique may be applied to any solid-phase sample molecule in order to 
obtain gas-phase molecules. For example, whilst a molecule may not be thermally 
labile, it may be reactive enough to form reaction products upon heating in a 
conventional oven. Laser desorption has the advantage of preventing the possible 
occurrence of such reaction products. 
Biomolecules are as a class often of great interest and have had much spectroscopic 
investigation. There have also been many energy calculations for these molecules. 
Most molecular calculations are for the isolated molecule as the easiest system to 
calculate, because the spectrum of the cold, isolated, molecule is much simpler than 
for a warm molecule in a complex environment, and is much less congested (see 
chapter 5). However, despite this interest the previous spectroscopic work done on 
biomolecules has generally been in the solution phase due to the difficulty of 
obtaining gas phase samples for analysis without degradation of the sample 
molecules. With the use of laser desorption, however, intact gaseous samples can 
generally be obtained. 
The phenomenon of laser desorption has been known for some time  and was first 
developed as a mass spectrometric technique 3 ' 4 ' 5 . It is utilised widely and may be 
used for spectroscopy of mass-selected molecules 6, although its use is by no means 
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restricted to mass-related applications. The technique releases many more neutrals 
than ions from the solid sample  and is appropriate for any application which requires 
gas-phase samples, such as gas phase UV-Vis absorption spectroscopy  or supersonic 
jet spectroscopy' ,'. 
6.2 Development of laser desorption 
Mass spectrometry is a technique for measuring the mass of a molecule and/or its 
fragments and thereby both identifying the molecule and gaining structural 
information about it. It is interesting to note here that this technique has the limitation 
of not being able to distinguish between the isomers of a molecule which necessarily 
have the same mass. Fluorescence spectroscopy has the potential to do so, as 
although the masses of two isomers may be identical, the likelihood is that their 
spectra will not be. This further expands the utility of the LD-SJLIF technique. 
In mass spectrometry the molecules of interest have to be vaporised and ionised. For 
time-of-flight mass spectrometry the gaseous ions are then accelerated with electric 
fields. The ions experience an acceleration under the applied electric fields which, if 
they have equal charge, depends on the mass of the charged particle. Therefore, 
molecules of different masses will arrive at the detection system at different times. 
These time-of-flight peaks are converted to mass peaks, allowing a full mass 
spectrum to be gathered. 
89 
Historically, the desorption and ionisation steps were both always achieved at the 
same time. For example in MALDI-TOF (Matrix-Assisted Laser Desorption 
lonisation Time of Flight) mass spectrometry the molecules of interest are suspended 
in a matrix of solvent molecules and desorbed using a pulsed UV laser' ° . The matrix 
molecules are chosen to promote both the desorption and the production of ions 
when the laser pulse involved is applied. This gives intact gaseous molecular ions 11 
i.e. a singly charged molecule, although neutral production is substantial 5 . The ions 
are ejected into the gas phase and accelerated down the time-of-flight apparatus. Each 
laser desorption shot gives a full mass spectrum, therefore many spectra may be 
quickly taken and added together, giving an excellent signal-to-noise ratio 10 . This can 
be achieved in a very short time period as several shots many be taken per second; a 
10 Hz repetition rate allows 200 separate spectra to be added together in 20 seconds. 
Laser desorption produces far more neutral molecules than ions, even for involatile 
and/or thermally labile molecules, and for a longer time period than the production of 
the desired ions. Neutrals are produced for a time period of the order of 100 ts as 
opposed to 1 ts for the ions, and the ratio of ions to neutrals is of the order of one in 
several thousand ' 2 . Therefore, by utilising the neutral molecules instead of the 
initially produced ions, a much greater signal could be achieved for the same or lesser 
amount of sample used. 
0101 
For mass spectrometry the molecules are then subsequently ionised by a second laser 
pulse (L2PI). Thus laser desorption allows the investigation of gas-phase neutrals. 
This is not only useful for mass spectrometry but for any application which requires 
sample molecules in the gas phase. It is this method of desorption that is utilised in 
LD-SJLIF and is implied in this thesis by the term 'laser desorption' unless clearly 
stated otherwise. It was found that a laser could be used to desorb into the gas phase 
directly from a pure solid sample using a pulsed IR laser (generally a CO2 laser) 
rather than having to incorporate sample molecules into a matrix of some form, thus 
making the desorption process more versatile 13"4" 5 . This method was used for the 
experiments presented here. 
6.3 Mechanisms for laser desorption 
The mechanism of intact desorption of molecules from surfaces is unclear for various 
reasons. Firstly, a sample may be presented in a variety of manners' °; these may 
include desorption from a thin sample layer over an inert substrate; from a soil 
sample with a complex mixture of contaminants, a solid disc, and so on. In the 
present work on laser desorption supersonic jet spectroscopy, the sample has 
normally been presented as a disc of bulk solid material (see section 6.4.1). Secondly, 
desorption may be achieved using a variety of laser irradiation conditions 16 ' 17 , 
varying in wavelength, intensity, and duration. The mechanisms of desorption are, 
not surprisingly, altered by the environment from which the desorption is taking 
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place. Several desorption mechanisms have therefore so far been proposed as 
discussed in the following section (see also the review by J.F. Ready), although it is 
fair to say that the process is not yet fully understood. 
6.3.1 Desorption from a monolayer 
For thin samples with molecules adsorbed directly on a sample surface, the substrate 
phonon desorption mechanism was proposed by Zare and Levine' 8 . Energy is 
absorbed directly into the substrate phonons and transferred to the adsorbate 
physisorption bond to the substrate thus giving desorption of the adsorbate. Organic 
molecules are unlikely to absorb IR photons of the wavelength used in these 
experiments (10.6 jtm = 943.4 cm') directly' 9 ' 20 . It has also been found by Voumard 
et al in their work on aniline that resonant processes are unimportant in desorption of 
molecules, and that the process is dependent upon the induced surface temperature 
only2 ' . Molecules thus cannot break the bond binding them to the solid via the 
redistribution of energy absorbed into the molecular vibrations. In any case, such 
direct absorption of photons by the sample molecules is contraindicated as it would 
not give desorbed intact neutrals for thermally labile molecules. Thus models 
involving such absorption and redistribution, such as those by Fain 16  and Chang et 
a122 where the radiation is absorbed by the molecule and transferred to the absorption 
bond thereby breaking it or the model of Gortel et a1 23 where the energy is transferred 
as heat to the solid leading to thermal desorption, are ruled out. 
In the model of Zare and Levine the initial step is for the substrate material to absorb 
the incident IR radiation. This energy is then transferred to the sample molecules, 
thereby desorbing them from the substrate into the gas phase. The desorption is 
accomplished without thermal decomposition due to the proposed energy 
'bottleneck' between the substrate and the sample. In the sample layer the molecules 
are physisorbed to the substrate with a weak van der Waals - type bond. This bond is 
of a similar order of magnitude of energy to the low energy surface phonons (or 
'lattice modes' of vibration) of the substrate, but both are of a dissimilar, lower, order 
of magnitude of energy to the internal bonds of the sample molecule. Hence, due to 
the energy match between the surface phonons and the physisorption bond, the 
incident laser energy now present as thermal energy in the substrate can be passed 
efficiently from the substrate to the bond, quickly breaking it. The molecule is 
therefore desorbed quickly and before the excess substrate energy has had time to 
equilibriate with the internal bonds, so that the molecules are desorbed both intact 
and internally fairly cool. This is accomplished due to the fast substrate heating 
induced by the laser pulse of ca. >108  Ks'. Coupling between disparate energy 
levels is a long process, and since there is an energy mismatch between the surface 
phonons and the intermolecular vibrational modes, energy is not transferred to these 
modes from the excited phonons. 
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The composition of the substrate itself has an effect upon the heating rate 24 . Rise in 
temperature AT in a material for a given amount of incident energy Aq is inversely 
proportional to the heat capacity C of the material according to 25 
Cv = (q/T)v 
Equation 6-1 
where the subscript V indicates that the volume is constant and the substance 
undergoes no expansion upon heating (a close first approximation for solids). This 
approximation also ignores the work done due to desorption via energy transfer to 
any adsorbed molecules. Metals generally have a lower heat capacity than non-
metals26 as the electrons within a metal are much less tightly bound to the central 
positive charges than is the case for a molecule (the 'free electron' model of metals) 
and are more easily excited; hence the initial heating rates are greater. Metals also 
have greater thermal conductivity than non-metals and thus disperse the heat more 
efficiently. Hence non-metallic substances retain the resultant heat locally to the 
incident point for a greater time 24 '27 '28 . This results in greater peak temperatures at 
any given depth in the solid for nonmetals. It should be noted that after a few ns the 
heating rates of nonmetals overtake those of metals and thus fast heating rates are 
also observed for these substances upon the incidence of laser radiation. 
In summary, heat is transferred quickly from a metal to an adsorbate resulting in fast 
desorption; however, heat is also quickly lost to the bulk metal. In a non-metal heat is 
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not initially transferred as quickly but retains heat close to the surface and thus after a 
short delay on the order of ns also results in transfer of large amounts of heat to the 
adsorbate bonds. Both metallic and nonmetallic substances are therefore suitable for 
use as desorption substrates as long as they absorb the incident radiation. 
6.3.2 Shock-wave and Mechanical desorption models 
The shock-wave model of desorption has been proposed for 'thick' samples (of ca. 
20 p.m)2 ' 29 . This model proposes that while thermal desorption still takes place at the 
sample-substrate interface, since the desorbed molecules cannot immediately move 
into the gas phase, their kinetic energy is instead transferred through the layer. This 
results in propagation of a shock wave which, when the shock wave finally 
encounters the molecules at the surface of the layer, ejects these molecules into the 
gas phase. 
The process is analogous to the executive toy occasionally seen consisting of a line of 
suspended balls; when a ball from one end is swung against its neighbour, the energy 
is transmitted linearly through all the intervening balls leaving them unmoved until 
the last ball in the chain is reached, at which point this ball is swung away from its 
neighbour. Although the desorption process involves many more complex 
interactions, the analogy is nevertheless helpful in picturing the effect. 
A related effect is that of Mechanical Desorption, where the laser radiation incident 
on one spot produces inhomogenous heating of the sample 20. This gives rise to 
uneven sample thermal expansion and therefore mechanical stress within the sample, 
leading to sample fracture. Such fracture releases sample molecules from the bulk, 
some of which will be individual molecules, thus giving rise to an effective move 
into the vapour phase. 
6.3.3 Limitations of the shock-wave and mechanical desorption models 
The samples used in these experiments are pressed powder discs of several mm 
thickness which are rotated whilst desorption takes place. The desorbed material is 
constrained to interact with a supersonic jet of carrier gas by a metal block referred to 
herein as a 'faceplate' and which is discussed in more detail later (see chapter 7). 
Both the Shock-wave and Mechanical mechanisms of desorption give rise to 
particulates as well as individual molecules' """ 9. Whilst the desorption/entrainment 
faceplate used in this apparatus selects against particulates which have been desorbed 
in favour of isolated molecules, excessive production of particulates would result in 
their introduction into the supersonic jet. 
These particulates would, when exposed to the interrogating laser beam, scatter the 
light, increasing the amount of noise present in the signal. Although Cable et. al. 
observed a large amount of scattered light from their desorption/entrainment 
apparatus 9, this effect is not observed in these experiments. Since their samples were 
thin enough (10 .im) to admit the possibility of desorption via Shock-wave 
desorption (not mechanical as their sample exposed a fresh surface to each laser 
shot), it may be that this effect was an artefact of the sample presentation method in 
their case. 
Furthermore, shock-wave desorption, as well as generation of particulates, results in 
considerable fragmentation. In the case of these experiments, there is evidence that 
the desorption process is so soft as to desorb intact van der Waals or hydrogen-
bonded complexes that were present in the initial sample material (see chapter 8 
section 8.2.3 for discussion on PABA and chapter 9 section 9.4.4 for discussion on 
MgPc), evidence against this mechanism being correct for these experiments. 
It is unlikely that absorption of the laser radiation occurs at the substrate due to the 
thickness of the sample. Even should it occur, the samples are so thick as to make it 
unlikely that the surface will be affected by substrate/sample interface shock waves, 
ruling out the Shock-wave model of desorption. The same sample thickness would 
make the sample disc resistant to torsion due to inhomogenous heating. It should also 
be noted that the desorption tracks on the disc surface are shallow, well defined 
areas; disruption does not occur to the sample below the surface. 
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In addition, the rotation of the sample results in the presenting of a fresh surface to 
each laser shot. This contrasts with the method of Beavis et where each 
subsequent laser desorption pulse is at the same point. Therefore, while their 
irradiation of the sample may well lead to strain due to inhomogenous heating, it is 
unlikely that enough energy is incident on our sample in a single pulse to lead to 
desorption due to this mechanism. Therefore the Shock-Wave or Mechanical 
desorption mechanisms do not accurately describe desorption under the 
circumstances of this experiment. In order to explain the desorption phenomena 
observed in this experiment, a different mechanism is required. 
6.3.4 The Near-Surface Bulk Phonon model 
If there were significant absorption of the JR photons into the bulk phonons just 
below the surface of the sample, an alternative mechanism is possible. The sample 
itself is in a solid state, and may therefore possess near-surface phonons of 
sufficiently low energy to absorb the incident infrared radiation even if the individual 
molecules themselves do not absorb at that wavelength. If the phonons then coupled 
with the bond holding a sample molecule to the bulk, that bond may be broken and 
the molecule desorbed. If the Zare et al 'bottleneck' assumption 18  is accurate, 
desorption of intact neutral molecules will then occur from the surface even of 
macroscopically thick samples for the same reasons. 
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In this case the solid disc of sample molecules below the top layer is acting as a 
substrate material; in effect the lower layers of the same type of molecule are acting 
as a substrate to the top layers. Absorption of the JR radiation by this nonmetallic 
near-surface region would result in the high heating rates necessary for desorption 
(see section 6.3.5). This mechanism has the advantage of retaining the low 
production of particulates that is consistent with experimental results. Since the 
mechanism involves the surface of the sample, it may be thought that the desorption 
from the sample would be surface sensitive, and this is observed experimentally (see 
section 6.3.6); reproducible desorption is greatly enhanced by having the disc 
surfaces as flat and even as possible. Thus the proposed mechanism fulfils all the 
requirements imposed by the experimental details and results in the desorption of 
only intact, neutral molecules from the bulk without generation of particulates and 
with a very 'soft' mechanism of desorption. 
6.3.5 Thermal effects in laser desorption 
The rate of desorption and hence the amount of desorbed material has been 
experimentally observed to be linked to the incoming laser irradiance, as long as it is 
above a certain threshold, both in these experiments and by others 24. In the work of 
M.J. Dale et a124 this lower limit appears to be linked to a given temperature for a 
particular desorbate and desorption would appear to be a thermal phenomenon ' 3 ; 
extremely high temperatures are transiently induced by pulsed laser IR heating 28 . The 
necessary lower laser power therefore varies with the substrate, since the temperature 
induced for a given power depends upon the properties of the substrate. 
The Thin Layer model is a thermal mechanism of desorption. The proposed Near-
Surface Bulk Phonon model for samples which are thick on the macroscopic scale is 
related to the Thin Layer model but regards the sample as comprising both substrate 
and thin upper desorbing layer. Thus in each case the sample resides in a thin layer 
above the substrate. Although nonmetallic surfaces will retain heat for a longer time 
than metallic surfaces after the incidence of the desorption laser pulse, most 
desorption is achieved during the rapid heating of the surface and thus the majority of 
the desorbed molecules are released before the maximum surface temperature is 
reached 21 . The molecules are therefore not decomposed before being released from 
the surface, in accordance with the Zare and Levine 'bottleneck' model 18 
The Near-Surface Bulk Phonon model, which involves the absorption of radiation by 
non-metallic material, is thus consistent with the view of laser desorption as a 
thermal mechanism, as absorption of laser radiation by non-metallic substrates 
produces a sufficiently rapid increase in temperature. However, it should be noted 
that the surface phonon model assumes that the desorption occurs from a fresh 
surface. Should a laser pulse repeatedly impact upon the same point, the sample may 
become heated, with the effect of fragmenting thermally labile molecules. Therefore, 
the sample is rotated in order to prevent a thermal equilibrium from being set up (as 
well as preventing the sample from being depleted). By the time the sample has fully 
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rotated and the desorption is occurring from a point on the track from which 
desorption has already taken place, sufficient time has elapsed (several minutes from 
the first time of desorption at that point to the second) to allow cooling of the sample. 
However, even should one laser pulse overlap the next, the risk of laser heating of the 
surface is not too large. At 10 Hz (repetition rate for this experiment) there is Ca. iø 
ms between laser pulses. There is experimental data on the variation of temperature 
with time for fused quartz irradiated by a CO2 laser by Philippoz et a1 27 ; for the 
portion of the data given where the temperature is dropping, the drop is nearly linear. 
Fitting this gives a rough estimate of a drop from the peak surface temperature of 950 
K at 15 p.s after the start of the laser pulse (which has duration ca. 30 p.$) to 300K at 
Ca. 110 p.s. Even should this time be an order of magnitude greater for the substances 
investigated here since the CO2 pulse length is in this case 1 OOns, the drop to ambient 
temperature is still 1 000x faster than the time taken to the next laser pulse. 
6.3.6 Surface effects of laser desorption 
For the LIF spectra in this thesis, the average spectrum requires 7500 laser desorption 
shots; the noise generated by variation in the laser desorption step is therefore 
generally the limiting factor in this experiment and it is imperative to make the 
process as reproducible as possible. It can be seen that desorption due to a surface 
mechanism would be extremely surface sensitive, and this is observed 
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experimentally. The desorbed molecules are entrained into a supersonic jet via a 
constraining faceplate, against which the sample disc presses as it rotates. The 
slightest variation in the surface of the disc will alter the position of the plume of 
desorbed material relative to the desorption faceplate (see also chapter 7 section 7.5 
for discussion on the faceplate), altering the desorption conditions. If the disc is 
uneven so that a few patches on the disc are further away from the faceplate than 
average, molecules may escape, resulting in a decrease in signal. Correspondingly, if 
the disc is raised in a few places then at these points it may rub against the faceplate 
surface, resulting in increased friction and hindering disc rotation (a necessary 
process for desorption of intact neutrals; see section 6.3.5), again altering the 
desorption conditions resulting in a loss of signal. 
The mechanical properties of the disc itself are also extremely important as varying 
friction coefficients between the disc and the faceplate may alter rotation. The ideal 
situation is to have the friction as low as possible to allow unhindered rotation. This 
sensitivity of the desorption process to the surface conditions necessitates producing 
as smooth and reproducible a disc as possible, hence the sample preparation 
technique of pressing the disc in a smooth hydraulic press at the highest possible 
pressure as described in chapter 7 section 7.4.1. The rotation of the sample is also 
such that several well separated concentric desorption tracks are formed rather than 
having one spiral track covering the entire surface, as once material has been 
desorbed from one point, there will be loose material deposited to either side, 
destroying the smoothness and hence reproducibility of the surface. The conditions 
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necessary to achieve reproducible sample desorption are discussed in the next 
section. 
6.4 Practical implementation of laser desorption for supersonic jet 
spectroscopy 
6.4.1 Sample preparation 
The sample is normally presented as a compressed powder disc, pressed in a 
hydraulic press at varying pressures but normally of several tons (see chapter 7 
section 7.4.1 for more details). This is a very simple method of preparation, easy to 
reproduce, and is a less fiddly method of presenting the sample for laser desorption 
than, for example, deposition from solution (c.f. Cable et a1 30), incorporation within a 
gel matrix (c.f. Li et al .7),  suspension of the molecules of interest within a viscous 
fluid such as glycerol' °, or treatment of polymer films containing particulate silver 
followed by deposition of the sample (c.f. Karaiste et al. 31 ). However, the fact that 
laser desorption is observed from such a wide variety of sample media shows that the 
technique of laser desorption is versatile. 
At this point it should be noted that the pressures used to press discs vary from 
compound to compound as the optimum pressure to form a good disc depends upon 
the mechanical properties of the compound. The range of pressures used is from 1 to 
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25 (Imperial) tons. Too low a pressure for a compound will not form the disc 
properly, while too high a pressure gives brittle discs. However, it is desirable to 
press discs at the high end of the pressure envelope. Although a disc may be formed 
from a compound at only a few tons, pressing at higher pressures often gives a much 
smoother and sometimes even mirror-like surface to the disc, as is the case for the 
phthalocyanines (see chapter 9). In addition, it is preferable if a molecule does not 
bind to the press mould as this makes it difficult to extract an intact disc; details of 
how to prevent this experimentally are given elsewhere in this thesis (see chapter 7 
section 7.4.1). 
A good disc of a pure compound will therefore be neither too soft nor too brittle. If it 
is too soft it will fall into a powder (a limiting case is when a compound does not 
press into a solid disc at all). If this occurs it is generally immediately apparent. A 
disc that is extremely brittle may crack in use, either from the pressures of friction 
with the faceplate against which it presses or from being weakened by the impact of 
the desorbing laser beam. Small cracks will cause fluctuations in the numbers of 
desorbed molecules (as the cracks are rotated past the desorption beam) and hence 
signal intensity; large cracks will break pieces of the disc off, obviously stopping 
desorption from those pieces altogether. Since a minimum laser power is required for 
desorption to take place, a brittle enough disc will not give a sufficient number of 
desorbed molecules for an appreciable intensity of signal before breaking apart. 
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Once pressed and in place within the experiment, the mechanical properties of the 
disc itself are still important. As described elsewhere (see chapter 7 section 7.5.1), 
the disc surface is in contact with a metal surface ('faceplate') whilst it rotates; this 
rotation is necessary for even desorption of the sample molecules to take place (see 
section 6.3.5). The disc must therefore be as smooth as possible in order to allow 
rotation to take place. An uneven disc or one with a high friction coefficient will rub 
against the faceplate, hindering the rotation. A smooth disc also ensures 
reproducibility of the surface and hence of desorption, both microscopically from one 
desorption shot to the next, and macroscopically from disc to disc. 
In order to allow free rotation, the desorption properties of the molecule are of 
importance; it should preferably not be so volatile that it desorbs explosively 13  as this 
leads to so wide a dispersion of desorption angles that a large proportion of desorbed 
molecules do not go into the proper channel but deposit on the faceplate. There they 
will immediately redeposit, forming a lump between the disc and the faceplate (see 
Figure 6-1). This impedes rotation and also, since the disc is no longer in the correct 
alignment, limits the proportion of molecules which move down the desorption 
channel. In effect, once the desorption onto the faceplate has started, the problem 
rapidly grows, sometimes to the extent of welding together the disc and the faceplate, 













Figure 6-1: The sample disc in its holder is held against against the faceplate. In 
a) there is free rotation, b) there is slight sample build-up between disc and 
faceplate and hindered rotation, c) there is large sample build-up and 
completely arrested rotation 
Finally, it should be noted that discs of extremely volatile material do not make ideal 
desorption media. Such discs may break apart after receiving laser radiation, or 
simply volatilise to such an extent that the disc reduces in volume macroscopically. 
An extremely volatile disc may simply evaporate into the experimental chamber at 
the ambient temperature and pressure. For all but the final case, extremely low laser 
powers may be tried, with the proviso that the onset of macroscopic desorption is 
often so close to the onset of desorption for volatile substances that control may be 
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impossible, or dilution of the material with a more inert substance may be necessary 
('mixed discs', see section 6.4.3). However, it should be noted that this experiment is 
specifically aimed at investigating those molecules which are difficult to investigate 
in a conventional supersonic jet experiment. Volatile molecules may be incorporated 
into a supersonic jet in the normal way32 
If a pure compound does not form a good disc, then alternate methods of sample 
presentation in a mixed disc may be explored. The requirements necessary for mixed 
disc sample formation are discussed in section 6.4.3.1. 
6.4.2 Disc presentation 
The sample disc is mounted on a sample holder, which is mated to an xyz translator 
by means of a coupling which accommodates slight tilting in all three axes as well as 
allowing a small lateral adjustment. The mount therefore does not hold the sample 
holder rigidly but allows it enough movement to tilt against the faceplate (see Figure 
6-2). This has the effect that the sample disc is supported by the faceplate to some 
extent, and is therefore always in contact with it even if the faceplate should be 
fractionally away from the sample disc. Such a separation may sometimes happen 
automatically in the vacuum chamber within which the sample is investigated as the 
strong vacuum may slightly alter the relative positions of the faceplate and the motile 
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To xyz translator 
Sample holder at.... 
disc mount. This flexibility in the coupling compensates for any small misalignments 
of the components that may occur, enabling continued smooth desorption. 
channel 
Figure 6-2: The sample holder coupling 
The sample disc is rotated whilst desorption takes place. Each successive desorption 
shot desorbs next to the previous one, forming an effectively continuous circular 
desorption track. It should be noted that each circular track must be well separated 
from the previous one in order to avoid the disruption of the surface that desorption 
causes. A track cannot be a spiral across the surface for this type of sample 
presentation as it has been found experimentally that the signal oscillates 
sinusoidally. It is probable that this is because the distance to the inner desorption 
track, and hence to the disruption caused to the surface by previous desorption, 
oscillates likewise. 
The disc is several millimetres thick and several concentric desorption tracks can be 
made on each disc as long as each track is well separated from the others. Each track 
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may normally be desorbed from for several rotations of the disc before exhaustion, 
although the exact number of times is dependant upon the properties of the disc. 
Desorption can, therefore, normally be carried out for several hours on one sample. 
This compares favourably to the sample preparation of Cable et a1 30 . Desorption from 
their thin layer only allowed desorption from the sample for 30 minutes before 
exhaustion. This is sufficient for only a few measurements before sample 
changeover. 
Such sample changeover necessitates opening the main vacuum chamber within 
which the sample is held, and thus each change involves completely stopping the 
experiment, bringing the chamber up to air, and pumping down to vacuum once the 
sample has been loaded. Extra sample preparation and changeover is extremely time 
consuming, and its elimination with a long-lasting sample presentation method such 
as that developed here is very useful. In addition, some desorption processes require 
time to set up an equilibrium in the system (see chapter 7 section 7.5.2) and 30 
minutes is, in these cases, not sufficient to both set up the equilibrium and take any 
spectra. It is therefore desirable to have a sample from which desorption can take 
place for an extended period of time. 
In addition, although the solid disc method of sample preparation might at first seem 
to use a large amount of sample material and therefore to be both wasteful and costly 
in comparison with, for example, desorption from a thin layer, this is not in fact the 
case. The desorption process utilises only very small amounts of sample (see chapter 
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8 section 8.1.4.2), and most of the material is left behind. As long as there is no 
degradation of sample for chemical reasons such as absorption of water from air then 
the old disc can be ground back into powder form and the substance reused. A small 
amount of compound (ca. 5g) may therefore generally provide many usable discs. 
Such recycling saves greatly on the total amount of material used, and therefore 
results in savings of costs both of the initial purchase and of waste disposal for 
inimical substances. For such compounds, the recycling of material obviously also 
has a direct environmental benefit. Alternately, if a very limited amount of material is 
available (ca. <5g of sample), then the sample presentation technique can be adapted 
from discs made with the pure compound alone (see section 6.4.3). 
6.4.3 Alternative sample presentation methods 
As described above, it may sometimes be necessary to desorb from other media than 
a disc of pure sample material. This may be because the material is mechanically 
intractable or scarce, and in these cases desorption from mixed discs may be suitable; 
this is discussed in Section 6.4.3.1. It may also be necessary in the case of real-life 
samples to adapt the sample presentation process, simply due to the fact that the 
sample may be a complex mixture or obtained in a manner which precludes further 
processing without either great difficulty or damage to the sample constituents. For 
example, material has been effectively desorbed with this experimental setup both 
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from pressed discs of desiccated soil from contaminated land sites and from material 
deposited on filter papers (see chapter 8 section 8.1.4.3). 
6.4.3.1 Mixed discs 
If there is a limited amount of material available or a material does not form a good 
disc when pure, it is sometimes possible simply to press a disc of the material of 
interest mixed with another compound which is known to form good discs. This 
option is however, limited in utility if the amount of sample molecule available is 
extremely small (a certain concentration of sample molecules is necessary in order to 
obtain a reasonable signal), although this is not often a problem as only small 
amounts of sample are generally necessary to give a signal. In addition, recovery of 
the material from such a disc for re-use is often difficult. However, mixed discs are 
an option for presentation of those samples which it is difficult to investigate 
otherwise. 
There are a variety of ways of using two compounds to gain a better disc. In each 
case the base material with which the material of interest is being mixed should have 
two properties. It should form a good disc mechanically, and it should also be either 
non-fluorescent, or fluoresce well out of the spectral region of interest. The mixed 
disc may be formed in two ways. First, it may be formed by making a disc which is 
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composed of two layers, a thin layer of the compound of interest on top of a thicker 
layer of the base compound, the whole then being pressed. This method may also be 
of use for a compound which does not form a very good disc when pressed on its 
own, and has the advantage that desorption is still only of the pure material. 
However, there are some combinations of compounds which do not bind together at 
their interface, causing the disc to shear at that point. Determination of the correct 
combinations, if any, is a matter of trial and error. 
Secondly, a mixed disc may also be formed by completely mixing the two 
compounds together and pressing a disc from the mixture. This method has been 
found to be of limited use due to the difficulty of obtaining a homogenous mix. Such 
homogeneity is vital in order that each desorption shot is reproducible. Finally, 
although this process can be used to try and remedy non-optimal mechanical 
properties of a compound, mixing two compounds gives the empirical observation 
that the resulting mechanical properties of the disc may not be a linear combination 
of the properties of the two compounds, often resulting in an unsuitable disc. This 
method, therefore, is limited in its use only to otherwise intractable compounds. 
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Previous sections of this thesis have explained that this experiment involves the 
linking of laser desorption and supersonic jet spectroscopy. This chapter describes in 
detail the experimental system. The overall experimental set-up is shown in 
Figure 7-1 and consists of four main sections. These are: 1) a pulsed CO2 laser which 
effects the laser desorption, 2) a Nd:YAG-pumped dye laser system which produces 
the excitation beam, 3) a vacuum chamber containing the sample, the pulsed 
supersonic jet nozzle and the desorption entrainment faceplate, and within which the 
signal is generated, and 4) governing electronics, including a delay generator which 
controls the timing and the signal processing equipment. 
A flowchart describing the operation of the experiment is given in Figure 7-2. The 
proper functioning of the experiment as a whole rests on the careful triggering of the 
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Figure 7-1: Overview of experiment. A) are irises, B) lenses, C) 10.6 PLin 
transmitting filter, D) Cut-off filter (optional) and E) Neutral density filters. 
Beam turning devices are F) a gold-coated Cu-Ni mirror and G) a 45 ° prism. 
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Figure 7-2: Experiment flowchart. 
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7.2 The CO2 laser 
CO2 lasers have a wide range of uses, from heavy industrial applications such as 
welding, through the induction of chemical reactions, to keyhole surgery via fibre 
optic transmission, as scalpels or as tissue destroying agents'. Such a wide range of 
applications arises from the adaptability of the CO2 laser. In our experiments, the 
CO2 laser is used at the delicate end of this range of applications as a desorption 
agent, to obtain molecules of interest in the gas phase from a solid sample. 
The CO2 laser used here is a pulsed TEA laser, Alltec 854M5. Although the CO2 
lasers are, in general, tuneable between 10.6 and 9.6 m 1 with the use of etalons (or 
even outwith these wavelengths with isotopic substitution), for our purposes we 
require simply a pulsed IR source. The exact wavelength of the source is not 
important as no wavelength-dependant reaction is being initiated; indeed, it is an 
integral part of this experiment that no reaction is started. The laser is, in this case, 
simply acting as a heat source with which to desorb the molecules without 
decomposition2 and thus the 10.6 .tm line is chosen as best fitting these requirements. 
The gas supply for the laser is a mixture of CO2, CO and He in the ratio 12 : 4 : 86; 
the internal laser reservoir is automatically replenished periodically by the laser 
governing mechanisms via a motorised valve system. This takes place in order to 
avoid the gas contained within the laser cavity becoming unsuitable for lasing with 
time. This occurs due to the reaction: 
118 
Co2 
CO2 -f 2C0 +02 
occurring within the cavity, where the excited CO2 dissociates instead of decaying 
radiatively to give the lasing transition. If there is insufficient CO2 present to absorb 
the electrical charge in the apparatus then the electrodes will spark, corroding the 
material and disrupting the lasing. Therefore in addition to the automatic gas 
changing, before any session in which the laser is operated the gas is purged for a 
period of at least 30 seconds if the laser is in regular use, up to periods of several 
minutes if it has not been in use for some time. 
The irradiance of the CO2 laser beam is typically 106  to  108  Wcm 2, but the exact 
amount of power, within certain limits, is not critical. For any individual compound 
being desorbed there will be a lower power limit below which little desorption occurs 
and an upper limit above which significant ion production occurs and/or too much 
material is desorbed per pulse. These limits vary for each compound and a suitable 
level must be found for each disc by trial and error. The desorption laser power is 
crudely regulated by changing the aperture of an iris (Ealing electro-optics utility iris 
diaphragms) placed in the beam path to give a signal of reasonable intensity. 
The CO2 laser beam is directed into the vacuum chamber by a 45 0 mirror (Copper-
nickel 25mm mirror with hard gold coating, SPECAC Ltd.) on an adjustable mount 
which allows the beam to be accurately aligned. It then passes though the iris and is 
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focused via a 300mm focal length lens ( KC1 lens, Specac Ltd.) into the chamber 
through a 10.6 p.m wavelength-selective disc (Specac Ltd. 25mm Ge window, both 
sides anti-reflection coated) and a window (KC1, SPECAC Ltd.) and onto a sample, 
desorbing the material of the sample. The material is desorbed into a 'faceplate' 
which constrains it to interact with a supersonic jet (see section 7.5). 
As with the experiment as a whole the laser is pulsed at 10 Hz, with the pulse timed 
so that the desorbed molecules arrive in the cooling channel of the faceplate (see 
section 7.5) just before the carrier gas atoms of the supersonic jet arrive at that point. 
The desorbed molecules are therefore picked up in the gas pulse and cooled. The 
pulse of gas that emerges from the end of the faceplate forms an unconstrained 
supersonic jet with the sample molecules entrained within it; this core part of the 
experiment is performed in a vacuum chamber, described in section 7.4. 
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7.3 The Nd:YAG laser system 
The excitation laser beam is generated by a Nd:YAG pumped dye laser. This is then 
frequency-doubled if required. Two laser systems have been used at various times 
during this PhD. The dyes used and their wavelength ranges are given in section 20 
(Appendix VIII). 
The first system consists of a JK HY750 Nd:YAG laser pumping a Quanta Ray 
PDL2 dye laser. The (optional) frequency doubling was performed by a PDL WEX 
(Wavelength Extender, Quanta Ray). The second system consists of a Continuum 
Surelite II Nd:YAG laser whose beam pumps a Continuum ND6000 series dye laser. 
The (optional) frequency doubler for this system is a Continuum UVT generator, 
purpose-designed to work with this model of dye laser. In either case, although the 
Nd:YAG laser power is several hundred mJ, the resultant power of the UV beam is 
only of the order of a few mJ. However, this is more than sufficient for our purposes. 
Once the final laser beam has been generated, it is directed using 45° fused silica 
prisms (Ealing electro-optics 25L x 25H EH 24-3378). The intensity of the beam is 
governed by passing it through several neutral density (ND) filters (Ealing electro-
optics ND filters both quartz and glass) before it reaches the chamber. It is then 
focused by a 30cm focal length fused silica lens (Lambda Photometrics Limited 
biconvex SUPRASIL I lens) through a fused silica window (Lambda Photometrics 
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Ltd. 50mm diameter SUPRASIL I window) set at the Brewster angle into the vacuum 
chamber and onto the sample entrained within the supersonic jet (see section 7.5). 
7.4 The vacuum chamber 
The 340mmx340mmx340mm cubic vacuum chamber (Custom-built by Vacuum 
Generators, Chambers and Engineering division) contains the sample and the 
supersonic jet nozzle assembly as shown in Figure 7-3 and Figure 7-4. The chamber 
is aluminium and is fitted with stainless steel flanges on the top and all four sides to 
allow access. The flanges on the side faces carry windows for the input of laser 
beams and detection of fluorescence, while the top flange carries the supersonic 
pulsed valve mounted on an xyz translator. The base of the cube is coupled to a 
mechanical booster-rotary pump combination (Edwards EH1200/E2M80) producing 
a background chamber pressure of less than 10 -4 mBar; the pressure is monitored by a 
Pirani gauge (Edwards Pirani 1001). During experiments the background pressure 
increases to on the order of 10-3  to 10.2  mBar, depending upon the pressure of gas 
forming the supersonic jet, but the cool core of the jet is retained. 
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To pumps 
Figure 7-3: Vacuum chamber viewed from the side 
Legend: 
A- vacuum chamber 
B - Stepper motor mounted on xy translator 
C - pulsed supersonic valve 
D - xyz translator 
E - faceplate 
F - window for CO2 laser beam 
G - sample holder and coupling to stepper motor 
H - Brewster windows and beam enclosure tubes for excitation beam 
I and I' - iris (at end of guidance tube) 
J - beam stop 
K - collection lens on post 
L - optical rail 




Figure 7-4: Vacuum chamber viewed from above, with experiment in progress. 
Legend: 
A - excitation laser beam 
B and B' - Brewster windows and beam enclosure tubes 
C and C' - iris (at end of beam enclosure tube) 
D - beamstop 
E - supersonic jet (going into plane of paper) 
F - fluorescence 
G - fluorescence collection lens 
H - window for fluorescence signal; H' - window for visual observation 
I - [optional] cut-off filter 
J - iris 
K - photomultiplier tube 
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In order to minimise reflected light, the excitation beam passes through Brewster 
windows. For light striking a transparent material of refractive index n at an angle 0, 
there is an angle where light polarised perpendicular to the plane of incidence is 
preferentially transmitted 4 . This is the Brewster angle Oa  where OB = tan-1 n. Thus the 
Brewster window B in Figure 7-4 is set to allow the vertically polarised dye laser 
output to pass through with minimal reflection. It is rotated 900  if the output is 
frequency-doubled, as the output is then horizontally polarised 3 . B' is set to allow 
minimum beam egress from the chamber. 
The beam guidance tubes in the vacuum chamber and their attached irises (see Figure 
7-4) are present to reduce scattered light in the chamber. The aperture of iris C' is 
kept as wide as necessary to facilitate the egress of the excitation laser beam from the 
excitation region. The aperture of iris C is kept as small as is consistent with allowing 
entrance of the dye laser beam to ensure that only the central laser spot is allowed 
into the chamber. The angle of the beam path of light through prisms varies with the 
wavelength of the light; blue light is refracted at a greater angle than red 4. This has 
the effect that in the visible region of the spectrum the position of the beam does not 
vary significantly over a typical scan of 1 5nm and the iris aperture diameter may be 
kept fairly small. 
In the ultraviolet (UV), however, a typical scan of 7.5nm leads to a significant 
variation in beam position. The iris aperture must therefore be kept wide enough to 
avoid the clipping of the beam on the edge of the iris as resultant scattered light 
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would be picked up by the very UV-sensitive photomultiplier (PM) tube. A scan of 
several nanometers will not vary the beam angle enough to completely miss the 
supersonic jet. However, for subsequent scans in adjoining wavelength regions, the 
alignment of the beam will need to be readjusted. 
The desorption nozzle assembly consists of a pulsed supersonic valve of 0.5mm 
diameter (General Valve Corporation Series 9) fitted with an extension block (the 
'faceplate' - see section 7.5). This faceplate constrains the sample molecules, once 
desorbed, to be entrained into the jet. It also extends the collision, cooling, region of 
the jet allowing the desorbed sample molecules to be cooled by the carrier gas atoms. 
Details are given in section 7.5. 
7.4.1 Sample discs 
The desorption of the sample from the solid phase is carried out from a disc of the 
sample material. This is a 25mm diameter disc of a few mm thickness (exact 
thickness of the disc is not critical as the position of the disc and the faceplate 
relative to each other can be altered). The disc is pressed from the powder form of the 
compound of interest with a hydraulic press at a pressure varying from 1 to 25 tons, 
depending which pressure forms the best desorption surface. They are pressed in a 
hardened steel mould made in-house. In order to facilitate the discs being easily 
pressed out of the mould without breakage, the inner mould surfaces are sprayed with 
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PTFE (PTFE lubricant particles! aerosol, RS 494-736). This also reduces wear on the 
mould and ensures that the surfaces remain smooth and undamaged for a greater 
period of time. 
The discs are rotated whilst desorption takes place, forming a continuous circular 
track. The sample holder is mounted on an xy translator and once a track has been 
used up then the experiment is paused, the disc moved along, and a new track started. 
Thus the desorption tracks form a pattern of concentric circles. Using this type of 
sample presentation, one sample can last up to several hours of continuous use before 
requiring replacement. The translation is achieved with a 75mm translation stage 
(Photon control Ltd. TS75-25H) and the rotation with a stepper motor (RS Size 1 
stepper motor 332-947 and gearbox 336-438). The drive for the unit was made in-
house by the electronics workshop, Chemistry Department, University of Edinburgh. 
Electronic feedthrough for the associated wires into the vacuum chamber is via a 
specialised Octal feedthrough (Edwards High Vacuum International El00-54-000) 
The sample disc is mounted on a sample holder, which is mated to an xyz translator 
by means of a Unilat® coupling which accommodates tilting in all three axes of 100 
as well as lateral adjustment of 0.75mm. The holder is made of aluminium and has a 
central depression in order to locate the disc correctly when mounting it on the 
holder; see Figure 7-5. The disc is held to the sample holder using a small amount of 
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Figure 7-5: The sample holder. The sample is located in the central depression 
and secured using double-sided adhesive tape. The securing post is in imperial 
measurements in order to mate securely with the Unilat®  coupling. 
The nozzle assembly is also mounted on an translator to enable accurate positioning 
relative to the desorption laser beam and excitation laser beam. The translator 
(Vacuum generators, ZXYZ 50) allows movement in the xyz directions and the 
controls are external to the chamber. The positioning facility is necessary even if the 
laser beams are properly aligned with respect to the faceplate before beginning the 
experiment as the vacuum applied within the chamber can cause objects to shift 
slightly on their mounts. In addition, if the sample disc becomes stuck to the 
faceplate after vacuum has been applied, this facility allows it to be freed; 
correspondingly, if the sample is too far away after a vacuum has been applied, then 
it may be positioned properly without disturbing the vacuum. (Experimental note: It 
should be noted that if the positioning is done with visual aid by looking through the 
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observation window (Lambda photometrics Ltd. 50mm fused SUPRASIL I silica 
window), it should first be ensured that the photomultiplier tube is off.) 
7.5 The faceplate 
Once the sample has been desorbed into the gas phase it is entrained into a 
supersonic expansion in order to obtain sample molecules which are internally 
c001 5 '6' 7 '8 . Since only small amounts of the sample are desorbed per laser pulse it is 
not feasible to mix the sample with the jet carrier gas before the expansion. This is in 
direct contrast to the normal method of entrainment of sample within a supersonic jet 
which mixes the vapour from a heated sample with the carrier gas before 
expansion9" °" but effective cooling is still achieved 8 . The material may simply be 
entrained in a jet by being expanded towards a free jet travelling in a vacuum 8" 2" 3 , 
but the sample is more efficiently entrained in the beam by constraining the gaseous 
materials to interact. 
Therefore, the expansion pulse of gas is allowed to expand not into a free vacuum, 
but into a constrained channel which extends the collision (cooling) region of the jet. 
This channel is part of a piece of metal which also constrains and directs the 
desorbed sample material. The piece is known as a 'faceplate' (see Figure 7-6), and is 
similar to that of Cable et a1 6, though distinct from the 'waiting room' design of 
Maruyama et al 14  which involves the constraint of the desorbed material but also 
involves an extra space within the chamber to delay expansion and was developed in 
IP3 
order to allow desorbed material to form clusters. Such an effect would be greatly 














Figure 7-6: The desorption nozzle assembly 
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The desorption pulse is timed so that the sample molecules are released into the 
desorption channel (see Figure 7-6) such that they arrive in the gas channel just 
before the carrier gas, and are picked up by the carrier gas and cooled. Once the gas 
pulse, now of mixed carrier gas and sample molecules, emerges from the end of the 
faceplate, it is a true free jet and may be investigated in the normal manner" 
However, although the process as described above seems simple, in fact several 
processes are occurring within the faceplate. Although the experiment is pulsed 
rather than continuous and is not, therefore, fully equilibriated, there are still 
processes which require a finite time to achieve a balance in conditions within the 
system, as discussed in section 7.5.2 below. 
7.5.1 Interaction of the sample disc and the faceplate 
The sample may get stuck to the faceplate either in a shifting of components within 
the chamber once the vacuum is applied, which is easily corrected, or because there 
is too much friction between it and the surface of the faceplate as it rotates. To 
prevent this latter case the faceplate is coated with PTFE. Finally, if excessive 
amounts of material are desorbed from the disc to the point where they block up the 
desorption channel and form a 'weld' between the disc and the faceplate, preventing 
rotation of this disc (see chapter 6 section 6.4.1), the faceplate must be cleaned and a 
new disc used, and desorption conditions altered accordingly. Generally a diminution 
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of the CO2 laser power via reducing the aperture diameter of the iris through which 
the beam passes gives the desired result. 
It sometimes occurs that the disc appears correctly positioned relative to the faceplate 
to the eye but in fact still does not sit properly against it. This phenomenon occurs 
when a high pressure is being used for the carrier gas of the jet and is discussed 
further in section 7.5.3. 
7.5.2 Processes within the faceplate 
7.5.2.1 Desorption of the sample molecules 
Once the sample molecules have been desorbed, intact and neutral, into the gaseous 
phase, the pulse of molecules expands into the desorption channel of the 
desorption/entrainment faceplate (see section 7.5.2). The initial desorption into a 
clean faceplate deposits some sample within the faceplate, blocking it slightly. This 
occurs because the desorbed molecules do not have a single spacial distribution but 
have a distribution of velocities" , " , ". If the desorption plume was unidirectional 
along the desorption channel, no blocking up of the faceplate desorption channel 
would occur. 
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For larger molecules, their cross-section is obviously greater, making it more 
statistically likely that they will encounter the walls of any of the faceplate channels. 
Once this happens they can easily deposit, forming a nucleus upon which further 
molecules may deposit. This sort of process quickly blocks the channels. However, 
blocking of the first part of the desorption channel generally takes place to some 
degree for all molecules and faceplate designs, though to different extents for 
different molecules and faceplate geometries (see section 7.5.4). 
Thus the initial signal obtained when starting an experiment is often large and 
therefore fairly 'hot'. There is subsequently a drop in the signal due to the partial 
blocking up of the front part of the desorption channel in the initial moments of 
desorption into a clean faceplate. At the same time the CO2 laser is cutting through 
the desorbed material and a balance is quickly reached. After a few minutes, an 
equilibrium is reached, giving a reproducible pulse of cooled molecules. 
It may be thought that the channel is simply blocking completely and that desorption 
is taking place from the blocked channel above, but this is not the case. If the disc is 
stopped from rotating, the desorption signal cuts off, duplicating the effect when the 
channel is clear. Therefore desorption is taking place directly from the disc through a 
narrow remaining channel. 
This partial blocking of the desorption channel (which must be wide enough to allow 
a small amount of deposition without blocking up completely) selects against certain 
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types of desorbed objects. Particulates with their larger cross section will have a 
greater probability of deposition rather than becoming entrained in the jet and 
interfering with the spectra through scattering radiation. For less volatile molecules 
controlled desorption is more easily obtained and less material is desorbed with each 
pulse. There is concomitantly less tendency to block up the faceplate and a smaller 
diameter desorption channel may be used. 
7.5.2.2 Interaction of the sample molecules and the carrier gas 
The sample molecules are, as described above, desorbed into the crossing point of the 
faceplate's desorption and cooling channels. This is timed so that they arrive in the 
cooling channel just before the pulse of carrier gas arrives and are thereby entrained 
in it. Entrainment happens as the molecules are picked up by the pulse of gas. The 
two gases mix and, since they are still within the collision region of the jet due to the 
presence of the faceplate, the sample molecules are cooled by the already cold 'bath' 
of carrier gas atoms. However, at the front of the gas pulse there is a mach disc 17,18  of 
hot material which has not been mixed with the gas and therefore is not cooled. This 
disc remains after the jet has exited into free space below the faceplate. Just after the 
mach disc is a region of the gas pulse where molecules have become properly 
entrained within the gas and cooled to a reasonable extent. 
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The desorption plume continues for a finite length of time after the end of the short 
desorption pulse '6" 9,20  There is therefore a section of the desorption plume which 
does not arrive just before the carrier gas pulse in time to become entrained, but 
instead impacts along the side of the pulse, mixing in a turbulent way and resulting in 
the inclusion of hot molecules in the carrier gas pulse. 
Thus, the overall profile of temperature for molecules entrained within the supersonic 
jet in the faceplate occasions an initial hot burst, a cool core, and a long hot 'tail'. 
Bearing this in mind, the delays for any peaks which initially appear hot may be 
adjusted accordingly in order to observe the coolest section of the jet. For all gas 
pressures, there will be some reflection of the carrier gas atoms back down the 
desorption channel from the disc into the apparatus, expanding the length of time that 
the gas pulse resides within the faceplate, and causing turbulence and disruption of 
ideal gas cooling conditions. However, such effects will occur after the main part of 
the gas pulse has passed and will simply add to the hotter 'tail' of the gas pulse. 
Sample deposition within the gas channels of the faceplate occurs due to improper 
timing of the desorption pulse. If the desorption pulse is too early, the material will 
not become entrained within the carrier gas and will instead deposit within the 
channels of the faceplate. In extreme cases either the desorption channel and/or the 
cooling channel may become completely blocked. Equilibriation rather than total 
blocking occurs if there is sufficient gas pressure to maintain a channel, 'sweeping' 
the desorbed material out in front of it. However, if the timing of the desorption and 
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gas pulses are too widely spaced, and/or a molecule is very involatile, eventual 
complete blocking is the most likely outcome; the rate of this depends upon the 
magnitude of the gap between desorption and entrainment, the volatility of the 
molecule, and the pressure of the gas. Optimum internal dimensions for the faceplate 
to minimise this effect vary with the type of molecule; see section 7.5.4 for 
discussion. Optimum gas pressures for each molecule also vary. 
The blocking process can sometimes have beneficial effects if it occurs in the gas 
channel. As the channel is narrowed, the number of collisions within the time that the 
gas pulse occupies the faceplate increases, resulting in better cooling. Therefore, 
although these conditions are extremely difficult to control and the process does not 
generally result in equilibrium but rather continues until the channel blocks up, where 
such deposition does occur it sometimes gives extremely cool and clear spectra for a 
brief period of time before the channel blocks. In effect this is the silver lining to the 
cloud as blocking of the channels requires, at the very least, the faceplate to be 
reamed out if not completely cleaned, necessitating interrupting the experiment. It 
would not be practicable to design a faceplate with an extremely narrow cooling 
channel as it would be far too susceptible to continual blockage. 
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7.5.3 Gas pressures within the faceplate 
The faceplate basically consists of two perpendicular channels; the gas channel and 
the desorption channel (see Figure 7-6). Since these two channels are linked, 
variation in the gas pressure is felt throughout the faceplate. As the pulse of carrier 
gas passes the intersection of these two channels there is a proportion of the gas 
which does not go straight down the gas channel but which travels instead along the 
desorption channel. In the case of that part of the desorption channel which leads 
only to the chamber, this gas simply puffs towards the side of the chamber and is 
pumped off with minimal interference to other experimental conditions such as the 
formation of the free jet below the faceplate; see Figure 7-7a. 
However, the other part of the desorption channel leads to the sample disc. There is, 
then, some pressure of gas against the sample disc. At low pressures such as those 
used for smaller molecules this effect is unimportant, and the design of the sample 
mounting which allows the disc to lean against the faceplate prevents the gas pushing 
the sample disc away from contact with the faceplate. 
At the higher pressures necessary for larger molecules, the effect of the gas pressure 
forcing the disc away from the faceplate is no longer negligible, and the sample disc 
must therefore be held tightly against the faceplate. Again two effects must be 
balanced; if the disc is too far away, gas at a high pressure will squirt out, bringing 
hot desorbed molecules and particulates with it, and the desorbed material no longer 
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enters the faceplate. This stream obscures the' cold jet signal due to being forced 
directly downwards by the disc; see Figure 7-7b. This effect gives a characteristic 
large signal at all wavelengths (due to the particulates scattering light, plus a 
contribution of extremely broad peaks from the hot molecules) and the cause may be 
determined relatively easily if the other experimental conditions are known to be 


















/ (to pumps) 
Figure 7-7: Direction of gas escaping from faceplate. a) Gas escaping from the 
CO2 laser beam entry port is clear of the emerging jet, but b) gas escaping next 
to the disc is directed downwards and interferes with the jet. 
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If, on the other hand, the disc is too tight against the faceplate, it may stick, causing 
the disc to stop rotating. Each molecule varies in its mechanical properties both from 
other molecules and often slightly from disc to disc. For example surface friction 
coefficients on the face of pressed discs of the sample substance may vary, as 
pressing conditions are only approximately the same for each disc. The only way, 
therefore, to determine the correct position within the normal range of 0-2mm 
between disc centre and faceplate is experience of which distance gives optimum 
results for that molecule at that pressure of gas. In general, however, the higher the 
pressure of gas the tighter against the faceplate the disc requires to be held. The type 
II faceplate (see section 7.5.4) was developed for high-pressure use to limit the 
amount of escaping gas. 
7.5.4 Optimum faceplate dimensions 
The outer faceplate dimensions are fixed by the geometry of the apparatus within the 
vacuum chamber; see Figure 7-8 and Figure 7-9. The length is chosen to be such that 
the collision region is extended from the gas nozzle leading into the cooling channel 
until just above the point where the interrogation laser beam strikes the free jet. The 
width of the faceplate is simply the total of the length of the desorption channels plus 












Figure 7-8: Faceplate dimensions. Darker volumes may be removed. 
N.B. extraneous material in the faceplate around the channels may be removed to 
reduce the weight and hence the stress on the supporting screws. This has the benefit 
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that the faceplate is less likely to move under vacuum as the lighter weight is held 
more securely and any adjustment (necessarily crude) of the laser beam alignments 





Figure 7-9: Faceplate viewed from above, a) is the gas channel, b) one of the 
four screw holes for securing the faceplate to the gas nozzle. 
The inner dimensions of the faceplate are dictated by the experimental conditions 
necessary. The length of the first part of the desorption channel, 'A' in Figure 7-8, is 
chosen so that the desorbed puff of molecules is not allowed to expand for too long 
before reaching the gas channel as the velocity distribution within the plume of 
desorbed material would tend to deposit more of the sample on the walls of the 
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desorption channel the longer the channel is. This is where the sample deposition 
described in section 7.5.2 occurs. 
The second part of the desorption channel, 'B' on Figure 7-8, is the laser access port. 
Although there would initially seem no reason to need any distance at all for this, the 
channel is stepped such that the initial laser beam is narrowed to less than the inner 
width of the 'A' part of the desorption channel before encountering the wall of the 
gas channel, 'E', to avoid internal damage of the channel wall. The step, 'C', is 
within the desorption channel rather than having the channel initially at this smaller 
diameter when the CO2 laser beam encounters the faceplate at point 'D', to avoid 
light being emitted into the chamber. This light occurs from the laser beam striking 
the faceplate via simple heating of the metal resulting in the emission of glowing 
material 15 . This effect also occurs with graphite, giving a cheap, simple tool to track 
laser beams and aid alignment. C is set deep enough that such scatter is minimal so 
that the sensitive signal detector, in our case a photomultiplier (PM) tube, detects the 
least possible amount of extraneous light. 
The optimum internal diameters of the desorption channels vary according to the 
individual molecule and the conditions appropriate to it. Two general categories of 
molecule and condition are under consideration; the volatility of the sample and the 
pressure of the gas within the faceplate. In the case of the gas channel the 
requirement is simply to have as narrow a diameter as possible in order to maximise 
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the number of collisions that occur (and hence to maximise cooling; see chapter 5) 
without being so narrow that it is easily blocked by desorbed material. 
For the desorption channel, molecules which are more volatile necessitate a larger 
diameter to the desorption channel 'A' in Figure 7-8 for the reasons discussed in 
section 7.5.3. These tend to be smaller molecules, while larger, less volatile 
molecules require a smaller diameter at this point. Some molecules - generally larger 
ones (see chapter 4 section 4.2.1) - need a high gas pressure for optimum cooling. 
This means that there is a large pressure difference between the gas in the faceplate 
and the background vacuum in the surrounding chamber. In this case the gas will 
tend to escape through all available exits and not just the most probable one, i.e. as 
well as the gas channel exit it will travel through the desorption channel exits. To 
prevent this the diameter of the desorption channels should be as small as possible, 
especially for channel 'A', for the reasons discussed in section 7.5.3. 
Correspondingly, for the low pressure case there is not a large tendency for this to 
happen and the diameter of the gas channel may be made larger with impunity. 
The combination of these factors means that for smaller, volatile molecules which 
desorb easily and require a small gas pressure, a faceplate of a reasonable width of 
channel A is indicated (Type I faceplate). For larger, more volatile molecules, 
faceplates of a smaller diameter of channel A are indicated (Type II faceplate). 
Dimensions of these faceplates are given in Table 7-1. Appropriate gas pressures for 
those molecules investigated here are given in section 17 (Appendix V). For larger 
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molecules significant extra cooling is achieved by the use of the type II faceplate: see 
Figure 7-10. 
Wavenumber (cm- 1) 
Figure 7-10: Cooling achieved with different faceplates using the large involatile 
molecule CIA1Pc as an example ( see chapter 9 section 9.4.3). The upper trace 
shows the result achieved with the type I faceplate and the lower trace that 
achieved with the type II faceplate. With type lithe peaks are significantly 
narrower as thermal population of vibrational levels is reduced. 
Table 7-1: inner dimension of Types I and II faceplates. 
Channel Faceplate Dimensions 
Type I Type II 
dimensions/mm dimensions/mm 
A- desorption channel 	: diameter 2.0 1.0 
length 1.75 1.75 
B - inner laser access port 	: diameter 1.0 1.0 
length 8.75 8.75 
CID - outer laser access port : diameter 3.0 3.0 
:length 10.0 10.0 
E - upper gas channel 	: diameter 3.0 3.0 
:length 31.0 31.0 
F - lower gas channel 	: diameter 1.5 1.5 
length 45.0 45.0 
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7.6 Signal generation 
The excitation beam enters and leaves the vacuum chamber via Brewster windows 
and beam guidance tubes, to minimise scattered light; both tubes are fitted with an 
iris; see Figure 7-4. The Laser-induced Fluorescence is collected perpendicular to the 
exciting laser beam and the supersonic jet by a biconvex 50mm focal length lens 
(Lambda photometrics Ltd. 50mm diameter SUPRASIL I lens), mounted on an 
optical rail. 
The collected fluorescence passes through a fused silica window (Lambda 
photometrics Ltd. 50mm SUPRASIL I). It then passes through an iris set at Ca. 5mm 
or less aperture diameter which acts as a spacial filter to discriminate against 
scattered light. In some experiments a long pass cut-off filter wavelength (Ealing 
electro-optics, various) was placed immediately prior to the iris to eliminate scattered 
laser light. The fluorescence finally passes into a PM tube (Hamamatsu R298, with 
High voltage power supply PS350, Stanford Research Systems Inc.). 
Cut-off filters are sometimes of use because scattered light from the laser beam is 
necessarily of the same wavelength as the laser, whereas mean fluorescence 
wavelength will be somewhat to the red. The use of a filter can thus reduce 
background signal. However, since it generally also reduces the signal to some 
extent, it depends upon the individual experiment being performed whether a filter is 
used or not. There will be a point at which it is better simply not to use the filter as it 
reduces the fluorescence signal beyond useful limits. This point is very dependent on 
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those processes which cause scattered light (for example the amount of formation of 
scattering particulates), and the use of a filter must be decided separately for each 
molecule. Since the intensity I of Rayleigh scattering depends on the wavelength X 
according to I = i/? 4, the shorter the wavelength the greater the probability of 
detecting scattered light at the PM tube and the more likely that use of a cut-off filter 
will be advantageous4 . 
For R2PI experiments the signal is collected via electrodes mounted on the optical 
rail (electronic feedthrough for wires into vacuum chamber is via Cabum-MDC Ltd. 
electrical feedthrough 941-1015). In either fluorescence or R 2PI experiments, the 
voltage generated is fed to the boxcar for signal processing (see section 7.7). 
7.7 Delay generation and signal processing 
A flowchart of the experiment has been given earlier (see Figure 7-2). Details of the 
delays necessary to trigger the various parts of the experiment are given below in 
section 7.7.1. The experiment as a whole requires careful timing and precise control 
and is pulsed at 101 ­1z. The delays are generated by a digital delay/pulse generator 
(DG535 Stanford Research Systems Inc.). The pulse generator sequentially triggers 
the gas nozzle pulse driver (General Valve corporation, Iota One pulse driver), the 
CO2 laser (see section 7.2) and the Nd:YAG laser (see section 7.3). 
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Diffuse scattered light from the Nd:YAG laser turning prisms is incident on a 
photodiode (UV enhanced silicon photodetector Optics Ltd. UDT-UV50) which 
emits a signal triggering a boxcar (SR250 Gated Integrator and boxcar averager, 
Stanford Research Systems Inc.) to start data collection. The boxcar data collection 
system is triggered by the Nd:YAG laser pulse rather than the delay generator 
because although the Nd:YAG lamps are triggered by the delay generator at a fixed 
time interval the Q-switch is triggered internally and there is ± 10 ns jitter 21 . The 
mean triggering point also drifts slightly over time as the crystal in the Nd:YAG laser 
heats up during use, altering the lasing cavity geometry slightly. Triggering via the 
laser pulse ensures eliminates these effects. 
The pulsed signal is received from the PM tube by the boxcar which gates the signal 
and averages it. If the signal is weak it may be preamplified (SR240 fast preamp, 
Stanford Research Systems Inc.). The signal is gated in order to discriminate the 
short periods where the real signal occurs (excitation beam is only 7ns FWHM 21 ) 
from the long intervals where only background noise is generated. This procedure 
significantly increases the SNR. The gated signal is averaged using a 30-point 
moving average and sent to a power supply and display module (SR245, Stanford 
Research Systems Inc.). 
This module also supplies power to the pre-amplifier and the boxcar in addition to 
the computer interface (SR245 computer interface, Stanford Research Systems Inc.) 
where the averaged signal is sent. The computer interface then sends the final signal 
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to a PC (PC 386 B/25 with 100MB hard drive and 4MB RAM with maths 
coprocessor 80387-25, Elonex PLC) equipped with appropriate software (SR270 
boxcar data acquisition program, 1990, Stanford Research Systems Inc.). 
The data collection PC receives signal from the computer interface, displays and 
stores it. Both the data collection PC and the dye laser (excitation beam) scan are 
started manually as simultaneously as possible. For the continuum dye laser the 
conditions of the scan, once started, are computer-controlled. A typical wavelength 
range for a scan is 15 nm in the visible region ( = 7.5 nm if frequency-doubled to the 
UV). Data collection is in 750 'bins' or 'channels' and signal from 10 laser shots is 
accumulated in each channel. Thus a typical duration of scan is 12m 30s. During this 
time the sample disc will have rotated Ca. 2 times, and undergone 7500 laser 
desorption shots. This length of scan gives a reasonable wavelength range at an 
acceptable wavelength resolution whilst also maintaining a reasonable stability of 
desorption signal over the period of the scan. If different resolution is required the 
wavelength region and number of laser shots per channel may be altered. The results 
obtained with this experiment are discussed in the following chapters. 
7.7.1 Delay data 
Where the gas pressure is high, the gas will travel quickly down the gas channel to 
the crossing with the desorption channel, and the delay to the CO2 laser firing 
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(counting from the releasing of the gas as t = 0; see Figure 7-12 and Figure 7-11) 
should be short. The Nd:YAG laser should be fired fairly quickly after the CO2 laser 
in order to hit the gas pulse which has now travelled down to the excitation point. For 
low gas pressures the reverse applies and delays should be longer. However, details 
of the delays will vary from molecule to molecule. Approximate conditions are given 
in Table 7-3 with the CO2 laser values relative to t0 at triggering of pulsed nozzle. 
In all cases the earliest possible CO2 delay that gives good signal should be chosen in 
order to have the molecules arrive just before the gas pulse and become entrained, 
thus avoiding impact of the desorbed molecules on the side of the gas stream. The 
Nd-YAG delay is given with respect to the CO2 laser trigger and assumes a Nd-YAG 
Q-switch delay of 180 jis. The values chosen should simply be those which give the 
coolest signal. A typical sequence of events is given in Table 7-2. 
Table 7-2: Triggered events 
Time/ ps Event Result 
0 Gas nozzle triggered. Gas pulse released 
Duration of gas pulse = 600 jis  
600 = a + 600 CO2 laser fires. Duration = Sample molecules desorbed into 
1 OOns. Duration of subsequent gas channel 
desorption plume = Ca. 100 j.ts.  
602 Gas front reaches desorption Sample molecules entrained into 
point gas pulse and cooled 
650 = b + 50 Signal sent to Nd-YAG to Firing sequence started 
fire  
830 = d + 180 - Gas reaches interrogation Fluorescence stimulated; signal 
point in chamber received by PM tube and gated 
- Nd-YAG laser fires. by boxcar. Averaged result is 
Duration = 6 ns sent to PC 
- Boxcar triggered I 
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N.B. 1) Note that the times of events of b) and c) depend upon the gas pressure. The 
optimum value for c) also depends upon the cooling results upon entrainment for a 
particular molecule: see section 7.5.2.2). Both delays should be varied accordingly. 
2) A UV generator may be part of the Nd-YAG dye laser sequence. Electronic 
triggering may be necessary for proper function; if so, it is also triggered at time e). 
Table 7-3: Gas pressures and appropriate laser delays. Nd:YAG trigger and fire 
times are given with respect to the CO2 trigger. 






Low (0-10 bar) 6-700 +50 +230 
High (11-20 bar) 4-500 -50 +130 
t0 nozzle triggered 
Nozzle 
t=600 	I gas pulse at Nd:YAG point 
Ga—sl 	
gas at desorption point, 60.ts durati 
t-, 600 laser fired, 100 ns duratuion 
I CO2 laser II 
t=600 desorption occurs, lOOjis duration 
I Desorption 11 
t650 	t 830 fires, 6ns duration 
I YAG laser II 
t830 + ins triggered, 10 ns duration 
BOXCAR 
0 	200 	400 	600 	800 	tOO 	200 	1400 
TimeIis 
Figure 7-11: Typical sequence of events and delay times. The timing of the 
Nd:YAG laser firing may be altered in order to interrogate different portions of 
the gas pulse with entrained sample molecules, thus selecting the coolest portion 










b) CO2 laser fires 
600 1 I c) Gas pulse front reaches desorption point 
I 	"-H d) Signal sent to Nd:YAG laser to fire 
700 I— I 
800 	 e) Gas pulse + entrained molecules reach 
interrogation point in chamber 
900 L 	Nd:YAG laser fires 
BOXGAR receives gated signal 
Figure 7-12: Diagram of experimental delays. Total cycle is therefore Ca. 1 ms. 
The experiment as a whole is pulsed at 10 Hz and each cycle is consequently just 
less than 0.1 s (100 ms) distant in time from the next. 
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7.8 Summary 
A pulsed CO2 laser effects laser desorption from samples presented as pressed 
powder discs (see section 7.2). Molecules are desorbed into the path of a supersonic 
jet. The jet is formed within a vacuum chamber (see section 7.4) and the sample is 
excited using an excitation beam produced by a Nd:YAG-pumped dye laser (see 
section 7.3). In addition, the chamber contains the sample holder and associated 
apparatus, and is connected to a rotary-booster vacuum pump system. A Pirani gauge 
to monitor the vacuum is also attached to the chamber. All optical inputs and outputs 
to the chamber are allowed access via windows, while electronic i/o (input or output) 
connections have specialised vacuum-compatible throughputs into the chamber. 
A supersonic jet is normally formed using an expansion of gas at a high pressure and 
allowing it to expand into a vacuum. In this case, however, the jet is initially held 
within a faceplate (see section 7.5) for several centimetres after the gas has come out 
of the pulsed molecular beam valve which forms the jet, in order to constrain the jet 
and the plume of desorbed molecules to interact. 
Once the desorbed molecules have been entrained, cooled and excited, the resultant 
signal is collected either by a PM tube adjacent to the chamber for fluorescence 
spectra or electrodes held within the chamber for R 2PI spectra (see section 7.6). The 
whole experiment is pulsed, with the triggering for the equipment controlled by a 
delay generator and the signal selectively sampled using a boxcar apparatus (see 
section 7.7). The signal is finally sent to a PC and stored. 
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8. Validation of LD-SJLIF using carbazole, benzoic acid 
and para-amino benzoic acid 
Several medium-size organic molecules have been investigated using Laser-
Desorption Supersonic Jet-Cooling Laser-Induced Fluorescence (LD-SJLIF) and 
sometimes Laser-Desorption Supersonic Jet-Cooling Resonance-Enhanced Two-
photon lonisation (LD-SJR 2PI). Initially, the motivation for investigating smaller 
molecules is because it is the case that this is a very new technique. Being recent, it 
requires validation and to this end the first molecule investigated in order to verify 
the technique, carbazole (see section 8.1), was well-characterised with its jet-cooled 
LIF spectra recorded, although not in combination with laser desorption. 
The molecules investigated subsequently, benzoic acid and para-amino benzoic acid, 
were examined not only because they were intrinsically interesting but because they 
were also of medium size, in order to verify the utility of the technique for such 
molecules and also to evaluate the applicability to larger molecules; see section 8.2. 
Both of these molecules have been studied in the jet using laser desorption mass-
selected photoionisation. However, the LIF spectra were not known. 
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8.1 Carbazole 
8.1.1 Use of carbazole to demonstrate validity of experiment 
z(ai)axis 
Y 2) ads 
Figure 8-1: Carbazole 
Carbazole (see Figure 8-1) is a medium size heteroaromatic organic molecule and 
was chosen as a test molecule. Carbazole is a highly fluorescent molecule with a 
well-known jet-cooled LIF spectrum "2' 3 ' 4 ; it thus lends itself to being used to assess 
the performance of the apparatus. 
8.1.2 Use of carbazole to demonstrate analytical potential of experiment 
The technique of LD-SJLIF may be used as an analytical tool as well as a purely 
spectroscopic technique. In real life, samples are often presented as complex 
mixtures, either in bulk solid form or as a deposit on a filter (e.g. atmospheric 
samples). We have investigated the applicability of our technique to these types of 
samples. 
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Pollution has become a problem in recent years. In great part the recent interest is due 
to the fact that in previous times the nature, extent and hazards of contamination of 
the environment were not only not known but simply not considered. However, more 
recently there has been concern about the pollution of the environment. With the 
spreading of concern there has also been legislation to cover the uses and remediation 
of both the untouched and the polluted environment. One of the categories to come 
under review is that of contaminated land 5 . 
Land may be contaminated in a variety of ways, ranging from agricultural 
contamination through simple urban use to industrially contaminated land. In all of 
these cases the contamination may vary in nature, level, and hazard. Contaminated 
sites must first be assessed and categorised before any remedial action necessary is 
then taken. There are a great number of contaminated sites within the UK alone, and 
there is concern to assess these and deal with them as appropriate 6 ' 7'8 . There is a great 
deal of interest in the remediation of such contamination by the use of biotechnology, 
often via the cultivation of bacteria which utilise contaminants and give harmless 
by-products 9 ; such bacteria are obviously most often to be found where there is a 
good source of nutrients, i.e. within sites containing those chemicals. Thus, 
ironically, the very land which is contaminated sometimes also offers part of the 
solution to the contamination. From the interest in remediation naturally follows 
interest in cheap, robust and reliable methods of investigation of land sites, both on-
site for initial determination of contamination levels and off-site for detailed analysis. 
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For such investigation of contaminated soil samples, several criteria should be 
fulfilled. There should be as little processing of the sample as possible, both for 
reasons of cost and to have the sample as uncontaminated by handling and 
representative of the situation within the soil as possible. Additionally, there should 
be a selective way of determining the presence of various contaminants. One of the 
classes of contaminant of interest is that of toxic organic molecules, for example 
Poly-Aromatic Hydrocarbons (PAH's) which are of concern due to being considered 
possible carcinogens, and carbazole, also a possible carcinogen' 0. For example, a 
range of heteroaromatic compounds including carbazole may be found within land or 
groundwater contaminated by creosote, which includes ca. 85% PAH's 1 to 10% 
phenols and 5 to 13% heteroaromatic compounds". 
Gas chromatography-mass spectrometry (GC-MS) is often used for characterisation 
of molecules, but only a small fraction of PAH's are volatile enough to be seen using 
this technique ' 4 . Laser-desorption-mass-spectrometry (L 2MS, also sometimes written 
as Laser desorption Laser Photoionisation Time-of-Flight Mass Spectrometry, 
L2TOFMS) has been used for the desorption of involatile material from complex 
samples and the subsequent identification of PAH's, e.g. in pitch residue 12  and soil 13 
However, mass spectrometry has the limitation of being unable to distinguish 
different compounds which have the same mass or isomers, which again have the 
same mass. In contrast, the spectra of two isomers are generally different, and thus 
the use of fluorescence has advantages as an identification technique. 
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Carbazole has thus been investigated within a complex sample for two reasons. 
Firstly this was to determine if the spectrum is clearly distinguishable from the 
background. This would indicate whether the technique of using LIF on 
contaminated samples is viable in the first instance. Secondly, it was investigated in 
order to determine whether the spectrum remains clear enough given the desorption 
environment for the possibility of its use for quick, rough determinations of the 
presence or absence of particular contaminants within different soil samples. 
If carbazole may be desorbed from complex mixtures using laser desorption it is 
likely that it can be selectively investigated using laser-induced fluorescence. The 
molecules observed in a complex mixture depend on the excitation wavelength. In 
the conditions of a supersonic jet, the energy levels within a molecule are resolved 
and discrete when low in the energy manifold. It is extremely unlikely that any two 
molecules will have any energy levels that match exactly. Hence irradiation by a 
particular wavelength, if it leads to fluorescence for any one molecule, will only lead 
to fluorescence for that molecule. By choosing the excitation region, we can, 
therefore, observe particular molecules even within a complex 'real-life' sample. 
Desorption from a complex environment is dealt with in section 8.1.4.3. 
The spectra of carbazole deposited on filter paper has also been investigated. 
Investigation of desorption from filter papers was undertaken to find whether 
desorption was unaffected by this sample presentation method, and to investigate the 
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sevsitivity of the technique. Desorption from filter paper is important because of the 
historical use of filter paper as an analytical tool. A common method of detection of 
atmospheric particulates is to simply direct the air via a filter. Although collection of 
material via filters and estimation of the darkness of the sample is still used as a 
technique as a measure of pollution (the so called 'black smoke measurement') 12" 4" 5 , 
the subsequent analysis of the collected material may be more complex, and can 
involve, for example, elution of the various materials in the sample via Gas 
Chromatography 16 . Such methods, however, possess the twin disadvantages of 
leaving behind the involatile and insoluble fraction, and of not being surface-
sensitive; for airborne particulate contaminants, the conditions at the surfaces are of 
great importance in order to determine health hazards. It is the surface characteristics 
which determine the interaction of the particle with, for example, the lungs. A 
detection mechanism which fully desorbs all materials from the surface is therefore 
indicated; these criteria are fulfilled by laser desorption 17 , which, due to its ability to 
desorb effectively from such filters, offers the opportunity to qualitatively (and, to a 
certain extent, quantitatively) analyse even the insoluble and involatile fractions of 
the contents of such 'black smoke' filter papers in a way that minimises disruption 
and contamination of the sample. Discussion of the results of desorption from soil 
sample and filter papers is given in section 8.1.4. 
Experimentally it has previously been demonstrated that desorption may be achieved 
from such media ' 4 . The possible mechanism of desorption from filters is discussed in 
section 8.1.4.4. In the case of these experiments, desorption was of pure carbazole 
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which had been deposited on filter paper. This allowed us to test desorption and 
detection sensitivity from a sample presented in a manner in which many real-life 
samples are collected, so applicability of the technique to analysis of real samples 
presented in this manner is examined. 
8.1.3 Experimental 
For the pure-carbazole experiments the carbazole was obtained from Aldrich and was 
used without further purification. The sample was presented as a pressed disc of the 
pure material, produced in a hydraulic press at a pressure of 5 tons and of several mm 
thickness. All samples presented for desorption were held onto the sample holder 
with double-sided adhesive tape. Pure carbazole was pressed at 5 tons pressure. All 
carbazole samples were cooled in a supersonic jet using argon at 3 bar pressure. 
For the estimation of the applicability of laser desorption to filter papers and also to 
estimate the sensitivity of the apparatus, known amounts of carbazole were to be 
desorbed. The sample was prepared by depositing known amounts of a solution of 
known concentration of carbazole on a filter paper. The solution was dropped onto 
the paper and each drop allowed to evaporate. These drops were distributed evenly 
(by eye) on the filter paper. 
To investigate the possibility of using LIF as an analytical tool a sample of 
contaminated soil was examined. The soil was obtained from a contaminated former 
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coal gasification plant and coal-tar distillery in the UK and air-dried at ambient 
temperatures in a forced draught. The resulting aggregates were broken up and 
passed through a 10-mesh sieve (:! ~ 2.0 mm) 13 . The soil sample was pressed into a 
disc at a pressure of 5 tons using a hydraulic press and presented in this form for 
desorption. The disc was very brittle and was not rotated in order to avoid 
disintegration. 
8.1.4 Results and discussion 
8.1.4.1 Laser-Induced Fluorescence of laser-desorbed carbazole 
The fluorescence spectrum of pure carbazole is given in Figure 8-2. The electronic 
and vibronic transitions are distinct and resolved. The vibronic structure is identical 
with that previously reported using conventional jet-cooling. No hot bands or 
sequence bands are seen, indicating effective cooling post-desorption and 
entrainment. The spectrum of carbazole has well-defined bands at 30809 cm', 31019 
cm- 1 (209 cm' from the 0-0 transition - see Table 8-1), and 31452 cm' (643 cm' 
from the 0-0 transition). This agrees well with that found previously " 2; see 
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Figure 8-3: Jet-cooled LIF excitation spectrum of thermally desorbed carbazole, 
reproduced from reference 3 
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Table 8-1: Band frequencies and assignments for carbazole 
V/ cm-1 LxvI cm-1 Assignment 
30809 0 0-0 Origin transition 
31019 209 a1 
31452 643 a1 
A significant point in the observed spectrum is the absence of interference from 
scattered light. This experiment therefore does not have the problems noted by Cable 
et al 19 when taking the LIF spectrum of desorbed material. In that case large amounts 
of scattered light were noted, significantly increasing the difficulty of the 
experiments. 
8.1.4.2  Measurement of sensitivity upon desorption from filter paper 
The signal-to-noise ratio is not as good as for the pure compound in Figure 8-2, but 
it is reasonable; the band and its position can be clearly determined. This is all that is 
necessary to determine the presence of a compound in a sample and hence the use of 
this technique has been successful. 
The jet-cooling is still clearly effective, as a well resolved band is observed, 
indicating that the filter paper substrate does not appear to interfere with the 
spectrum. It is possible that, given the thinness of the carbazole sample, components 
of both the filter paper and the adhesive tape may also be desorbed to some extent. 
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However, even though the desorption is from this medium there are no appreciable 
amounts of scattered light. This indicates that few particulates are being produced 








Figure 8-4: LIF of jet-cooled carbazole desorbed from a filter paper 
Assuming that all the carbazole in one spot is desorbed by one laser shot, and 
knowing the length and width of the track formed and the time taken to form it, this 
gives an upper limit of approximately 10.10  moles per laser shot, or 100 laser shots to 
traverse the 0-0 band, the practical limit of detection. The calculation for this value is 
given in section 21 (Appendix IX). The spectrum gained is shown in Figure 8-4. It 
can be seen that this is over the region of the spectrum showing the 0-0 transition 
only. This is at 30809 cm as before. 
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8.1.4.3 Desorption from complex samples 
The contaminated soil sample used had been analysed previously via L 2TOF-MS and 
found to contain PAH's' 3 which comprise many of the peaks in the mass spectrum, 
illustrated in Figure 8-5. The large band at 202 Da corresponds to pyrene, known to 
be present in 260 j.tg/g concentration. In contrast, the mass at 167 corresponding to 
carbazole is extremely small. Although an exact concentration cannot be determined 
via this method, the carbazole concentration is, in all probability, on the order of a 
few .tg/g or less in this sample. It may be much less; the band for the carbazole mass 
at 167 is not resolvable from the band present at 166 for fluoranthene. 
Desorption from one spot on a soil disc which was cracked and brittle gave an 
acceptable signal-to-noise ratio and characteristic spectrum (see Figure 8-6). This 
again shows the great sensitivity of this technique, even when desorbing from very 
disadvantageous sample surface conditions. The spectrum found for carbazole under 
these conditions of sample presentation is in good agreement with that found 
previously when desorbing from the pure bulk disc (see Figure 8-2). The bands are 
still well resolved, there is efficient jet-cooling and little interfering signal from the 
substrate. The excitation wavelength selectivity for carbazole within this complex 
mixture is good. In addition, the levels of scattered light remained low, suggesting 
that insignificant amounts of particulates are formed even though this is a very brittle 
166 
sample which might be expected to disintergate during desorption. After several 
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Figure 8-5: Mass spectrum of contaminated soil sample 
Since desorption occurs from this sample, giving a clear spectrum of carbazole, this 
indicates that this technique may therefore be used to investigate contaminated-land 
samples. The sensitivity to carbazole is so large and the sample preparation costs so 
low that the possibility exists of using the fluorescence of this molecule as a quick 
guide to the amount of contamination of sites in which it is found. It is probably also 









Figure 8-6: LIF spectrum of jet-cooled carbazole 
desorbed from contaminated soil sample 
8.1.4.4 Mechanism of desorption from a nonstandard environment 
The mechanisms for desorption of sample molecules in complex environments such 
as within a soil matrix are even less well determined than for the pure compound 
samples. Despite the fact that in the experiments performed on the soil sample from 
contaminated land desorption from this sample took place from one spot only, 
sufficient sample was desorbed so that a signal was observed for a number of 
minutes. It may be that successive layers of the sample were being desorbed; so little 
168 
sample is desorbed with each laser shot that any one shot does not ablate the sample 
to any great degree, so that it is hard to tell the depth of penetration visually. A 
related possibility is that the brittle material on the sides of the desorption 'well' 
would become undermined and detach, in turn becoming desorbed from the 
desorption well. This situation is made more difficult by the non-uniform nature of 
the disc surface both in height and in marking, so that although the sample did not 
appear to the eye to be excessively ablated in the desorption spot, this is not certain. 
An alternate possibility is that the desorbed material was being replaced from the 
bulk in some manner. For example, if the first few laser shots form a desorption well 
(remember that the sample is not rotating, so all the shots are on the same point), then 
there could reach a critical depth after which the sides of the well fall in; this fallen 
material would then desorb, in effect preventing the well from becoming any deeper. 
Since the disc was very brittle, this may be the case. Finally, since the fluorescent 
molecules were held in a matrix of soil, it is possible that a 'MALDI-like' desorption 
process was taking place, although humic acid, the naturally occurring organic 
fraction of soil, is not very absorptive in the 10.6 tm region" (the CO2 laser 
emission wavelength). 
The situation described above where the desorption from the sample is from one 
point only is unusual. The Mechanical Desorption model of laser desorption invokes 
uneven sample thermal expansion due to inhomogenous heating of the sample, 
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desorption being carried out at one spot only". For the exceptional case of the non-
rotating complex soil sample the Mechanical Desorption model remains a possibility. 
Little evidence exists to determine the mechanism of desorption from sample 
deposited on filter paper. However, even for the case of sensitivity measurements 
where very little sample is present compared to normal discs (see chapter 8 section 
8.1.4.2), no significant evolution of particulates from the substrate is seen as the 
signal-to-noise ratio remains good. This is true even when the sample is denuded to 
the extent that significant reduction in signal intensity is observed. It may be that a 
mechanical mechanism (shock-wave or mechanical desorption - see chapter 6 section 
6.3.2) is operating with desorption of the sample molecules from a substrate which 
remains intact, although, again, so few particulates are observed that the likelihood of 
this is lessened. It is unlikely that the sample will be so thin that desorption occurs 
according to the thin layer model (see chapter 6 section 6.3.1) as even at low 
concentrations of molecules there will be significantly more than monolayer 
coverage. It is therefore possible that the number of molecules present is still 
significant enough for the Near-Surface Bulk Phonon model to be in operation. 
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8.1.5 Conclusions 
Previous experiments on carbazole have utilised thermal vapourisation to obtain gas-
phase samples3 ' 4 . It is known that these samples have not undergone thermal 
degradation and that the spectrum is of the intact, bare carbazole molecule. Although 
the carbazole has here been introduced into the jet gas by laser desorption, the 
spectrum is the same as for conventional jet spectra. This demonstrates that the 
apparatus is producing mainly intact, neutral molecules and not fragments, reaction 
products, clusters or particulates. Spectra consisting of well-resolved single vibronic 
transitions have been gained for this molecule and hence the apparatus is producing 
cold molecules via entrainment within the supersonic jet. Both these points are 
important in verifying that the apparatus is functioning properly and that the overall 
concept of LD-SJLIF is viable. In addition, along with para-amino benzoic acid 
(PABA; see section 8.2) and zinc phthalocyanine (ZnPc; see chapter 9 section 9.4.2), 
carbazole may be used diagnostically for sensitivity testing of the apparatus. 
Desorption from filter papers and soil samples also produced clear, resolvable spectra 
of carbazole, with demonstrable sensitivity, even though the desorption was from 
nonstandard surfaces. In both cases, clear spectra of carbazole were obtained. Little 
scattered light is observed and hence insignificant numbers of particulates are being 
desorbed. 
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For the soil sample, it is likely that other species are desorbed concurrently with 
carbazole, but the excitation selectivity is such that the spectrum remains clearly 
discernible. Finally, as well as being sensitive, such analysis of polluted samples 
requires very little sample processing. This is advantageous for two reasons; firstly, 
the distribution of compounds within the sample is not altered through handling or 
processing. Secondly, this is favourable economically, reducing the cost of sample 
analysis and supporting the possibility of the development of laser desorption as a 
commercially developable method of polluted-sample analysis. 
It is possible that laser desorption techniques of some kind, such as mass 
spectrometry or LIF, may serve in an analytical capacity. Laser desorption has the 
added bonus that the technique is surface-sensitive and may thus be used to 
investigate the important surface properties of extremely small pollution particles. If 
LIF is used, this technique may distinguish between isomers present in a 
sample.Although the initial capital cost of the equipment is substantial, the cost of 
each subsequent analysis is minimal. In the medium to long term, it should be 
possible to develop quick analysis techniques to gauge contamination by analysing 
the amount of a few molecules of well known properties; determination of their 
presence should be fairly simple, with the additional advantage of discrimination 
between isomers in the case of techniques which utilise fluorescence for 
identification. Carbazole is therefore a useful compound on which to perform real-
life complex sample analysis. 
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8.2 Benzoic Acid and Para-Amino Benzoic Acid 
8.2.1 Introduction 
Benzoic acid and its derivative para-amino benzoic acid (PABA) (see Figure 8-7) 
were, in addition to carbazole, also used as test molecules for the efficacy of the 
experiment. PABA has been studied before using a supersonic jet and laser 
desorption 22, but the spectrum recorded was the R 2PI spectrum; the LIF spectrum has 
not previously been recorded. PABA is involatile and hence not easily studied using 
conventional thermal vaporisation techniques. It is therefore a good test of the use of 
LD-SJLIF for the investigation of involatile molecules. 
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Figure 8-7: a) Benzoic acid and b) para-amino benzoic acid (PABA) 
PABA is used as a component of sunscreen and as a photodegradation inhibitor. It is 
also used in the manufacture of several local anaesthetics such as benzocaine 23 . The 
material itself is not only non-toxic but is a member of the vitamin B complex 
although it is not a true vitamin and deficiency in humans causes no specific 
symptoms24. It has also been used as a therapeutic agent in digestive disorders, and to 
treat nervousness and depression. There is much interest in the spectroscopy, both of 
the original PABA and the anaesthetic derivatives 25 . 
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Benzoic acid is much more volatile than PABA, and has been studied using 
conventional LW jet spectroscopy with thermal desorption 26 . Under these conditions, 
however, benzoic acid exists predominantly as the dimer, and no monomer was 
observed. However, laser desorption jet cooling has been found to produce a 
relatively large concentration of monomers in the jet 27 , a further advantage of the 
laser desorption technique. Mass-selected two-colour R 2PI spectra of both monomer 
and dimer have been recorded in this fashion 27 , but, again, the fluorescence spectrum 
of this molecule remains to be investigated. 
8.2.2 Experimental 
Both the para-amino benzoic acid and the benzoic acid were obtained from Aldrich 
and were used without further purification. Samples were presented as pressed discs 
produced in a hydraulic press at a pressure of 5 tons. All samples presented for 
desorption were held onto the sample holder with double-sided adhesive tape. All 
samples were cooled using helium at 6.5 bar pressure. 
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8.2.3 Results and discussion 
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Figure 8-8: R2PI spectrum of PABA. * denotes bands due to the dimer, and-
denotes bands which may be a combination of both monomer and dimer 
fluorescence. Assignments are made according to the results of Meijer et a1 22 . 
In order to confirm the reliability of our apparatus, the R 2PI spectrum of PABA was 
obtained. Laser-desorption jet-cooling of PABA has been carried out previously by 
another group, and the mass selected two-colour R 2PI spectrum found 22 . They 
observed both monomer and dimer species. The spectrum obtained here and shown 
in Figure 8-8 is in good agreement with that reported previously, although in the 







This experiment is not mass-selected, and since the excitation energies of the 
monomer and dimer species are similar, their spectra are superimposed. 
Table 8-2: Absolute and relative wavenumbers of bands and assignments, for 
the PABA R2PI spectrum. * denotes bands due to the dimer species 
Band frequency vi cm-1 iv 	from 	appropriate 
origin/ cm 
Assignment 
34173 0 Monomer origin 
34215 0* Dimer origin 
34243 28* Dimer 
34263 48* Dimer El 34339 166 Monomer 34363 190 Monomer 
34409 236 Monomer 
34445 272/230* Superposition mid 
34464 249 Dimer 
34503 330/288* Superposition mid 
The fluorescence of these species has also been investigated under similar 
experimental conditions. Again both monomer and dimer species are present in the 
expansion, giving superimposed spectra. Figure 8-9 shows the 0-0 region of the 
spectrum. The dimer 0-0 transition at 34214 cm- I  and associated vibronic transitions 
are indicated by asterisks. The inset shows low frequency vibronic dimer transitions, 
due to intermolecular hydrogen bond vibrations. The dimer structure is thought to be 
analogous to that of the benzoic acid dimer, with the two monomer units doubly 










Figure 8-9: LIF excitation spectrum of jet-cooled laser-desorbed PABA. 
* indicates bands due to the dimer. Low frequency dimer transitions are shown 
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Figure 8-10: PABA. a) shows the monomer form 23  and b) the dimer structure 
theorised by Meijer et a122 
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The relative intensity of the monomer and dimer bands is altered between the 
different types of spectra taken. The dimer band is markedly larger in the LIF 
spectrum than in the R2PI spectrum. Since the desorption conditions are similar and 
the ratio of monomer:dimer should be unchanged, this indicates that the fluorescence 
quantum yield of the dimer is greater than that of the monomer. Also in the R 2PI 
spectrum, it may be seen that the vibronic transitions of both the monomer and the 
dimer have a higher intensity relative to the 0-0 bands, indicating that the origin 
bands are saturating. This is a common phenomenon for 1-colour R 2PI; a greater 
intensity of the laser is required to produce a 2-photon ionisation signal than is 
necessary for one-photon LIF and the resonant intermediate (1-photon) excitation in 
R2PI may become saturated. 
The duplication of the R2PI spectrum for PABA indicates that the experiment is 
producing reliable, reproducible data of reasonable quality. The previous R 2PI work 
found a critical dependence of the two-colour photoion signal on the temporal 
overlap of the two laser pulses' 9. On this basis they estimated the lifetime of the S, 
state of PABA to be on the order of iø' ° seconds. The shortness of this was ascribed 
to efficient intersystem crossing. However, both the monomer and the dimer give 
intense fluorescence, indicating that the fluorescence quantum yield of both is fairly 
large. This would be inconsistent with such a short lifetime: if the lifetime of the state 
is short, then little fluorescence has time to occur before the state has decayed non-
radiatively. In contrast, a large fluorescent quantum yield must originate from a state 
which is present for some time. The fluorescence quantum yield OF = tF/tL, 
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(fluorescence lifetime over state lifetime) and since TL  for an aromatic molecule like 
PABA is typically of the order of 10 8s, a tF of 10 10s would give a OF  of about 0.01, 
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Figure 8-11: Possible orientations of PABA monomers within the crystal. a) 
shows the form given by Alleaume et a) 29; the distance between the central 
benzene rings is Ca. 4 A. b) shows the form given by Lai et a1 30; the O----H 
H-bond distance is Ca. 1.6A. 
The desorption process is normally expected to produce intact, neutral monomeric 
molecules. The observation of dimers in the jet spectrum may be related to the fact 
that the molecules are associated as dimers in the solid. The nature of this association 
takes two possible forms, shown in Figure 8-11. In either case, the two monomers are 
closely associated. The appearance of the dimers after desorption may indicate that 
the desorption process is sufficiently 'soft' that it may be that the structure of the 
dimer within the crystal is retained after laser desorption (see also desorption of 
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MgPc, chapter 9 section 9.4.4). In the experiments of Meijer et a! 31 they concluded 
that the gas-phase structure of the dimer was similar to the crystal structure of Figure 
8-11 b). The strength of the dimer association within the crystal cannot, however, be 
that great as an intense monomer signal is also observed. The behaviour for 
unsubstituted benzoic acid is slightly different, as discussed in the next section 
(section 8.2.3.2). 
8.2.3.2 LIF of laser-desorbed Benzoic Acid 
The fluorescence of laser-desorbed benzoic acid (see Figure 8-12) has been 
investigated. We observed only one spectrum (see Figure 8-13), that due to the 
dimer27 , in contrast to Meijer et al who observed both the monomer and the dimer in 
the mass-resolved R2PI spectrum27 . The spectrum results from excitation of the 
lowest electronic state, a it—*ir transition 26  and is dominated by totally symmetric 
modes: see Table 8-3 for bands which have been assigned. 
No monomer fluorescence was observed, although on the basis of the results for 
PABA we would expect a considerable concentration of monomer to be present 
under our experimental conditions. There are two possible reasons for the absence of 
the monomer signal; firstly the yield of monomer from the solid may be less than in 
the case of PABA. The crystal structure of benzoic acid is given in Figure 8-12. 
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Secondly, the fluorescence quantum yield of the monomer is much smaller than that 
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Figure 8-12: Benzoic acid. a) shows the monomer form and b) the dimer 








Figure 8-13: LIF excitation spectrum of jet-cooled laser-desorbed benzoic acid 
181 
The first excited singlet state l(lr,lt*)  in the benzoic acid monomer is nearly 
degenerate with a 3(n,1r*)  state. This couples with the l(t,ir*)  state and promotes 
intersystem crossing to the 3(lr,7t*)  state. The process is very efficient, resulting in a 
very low fluorescence quantum yield27 . In the dimer the relative separation of these 
two levels is markedly increased, greatly reducing the efficiency of this loss pathway 
and increasing the fluorescence quantum yield. 
Table 8-3: band frequencies and assignments 22  for the benzoic acid dimer. v' 
designates an H-bond vibration 
Frequency v/cm' Assignment 
35724 0 Origin transition 
35782 52 v'3 H bond in-plane stretch and bend 
36007 283 V9b Ph-COOH bend 
36092 368 V6a Ring motion: radial skeletal vibration 
36135 411 V6a Ring motion: radial skeletal vibration 




Figure 8-14: Approximate orientation of benzoic acid monomers within the 
crystal33. The O---H distance is ca. 4A. 
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Desorption of PABA resulted in generation of a significant number of monomers as 
well as dimers (see section 8.2.3.1) and one would expect this to be the case also for 
benzoic acid. However, the benzoic acid monomer fluorescence quantum yield is 
lower than that of the dimer, and thus would be less likely to be observed in the 
spectrum. Additionally, benzoic acid is well known to form dimers at low 
temperatures 27  and thus any monomers which encountered each other in the 
desorption plume, since they would have little internal energy after desorption, would 
have a large tendency to reassociate, further reducing the monomer yield. 
In the case of Meijer et a!, desorption was carried out from one spot on a piece of 
activated charcoal soaked in solution containing benzoic acid and using a KrF laser. 
This type of laser emits at 248nm, in the ultraviolet 34 . Since UV desorption may be a 
resonant process involving the absorption of energy by the molecules 35 , it is easily 
possible for enough energy to be imparted to the internal hydrogen bond, breaking it 
and resulting in the generation of a significant number of monomers. In the case of 
this experiment, as described before (see chapter 6 and chapter 7), desorption is with 
a CO2 laser, which emits in the infrared 34, at much lower energies than the KrF laser. 
It has been established that desorption in the circumstances present here results in 
very little energy being imparted to the desorbed substances and thus the dimers may 
have a greater tendency to remain intact. Hence the technique of Meijer et al may 
lead to enhanced monomer yield in the desorption process for benzoic acid and for 
PABA compared to the yields here. 
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8.2.4 Conclusions 
PABA is involatile and hence not easily studied using conventional thermal 
vaporisation techniques. In contrast, laser desorption of PABA is easily performed, 
enabling the jet-cooled fluorescence excitation spectrum to be investigated. In the 
case of benzoic acid, although it is more volatile than PABA, laser desorption is also 
useful for producing molecules without fragmentation. It may well be possible to 
alter the monomer:dimer yield ratio by choosing the desorption conditions. The 
appearance of dimers in the spectrum of PABA is evidence of the 'softness' of the 
desorption technique, i.e. little internal energy is imparted to the molecules after 
desorption. It also suggests that laser desorption may give a distribution of species in 
the gas phase that retains some memory of the species present in the solid phase. 
For benzoic acid, the overwhelming appearance of dimers in the spectrum reflects the 
relative smallness of the fluorescence quantum yield of the monomer compared to the 
dimer, although low monomer yield may also be a factor. For PABA, both the 
monomer and dimer have large fluorescence quantum yields. This suggests that for 
neither of these species does there exist an efficient route for intersystem crossing, 
and that, in contrast to previous findings, the lifetime of the S1 excited states is not 
extremely small. 
Desorption from the solid form of both benzoic acid and PABA gives strong, well 
characterised spectra. They are therefore ideal for wavelength calibration and 
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sensitivity testing of the apparatus. PABA, benzoic acid and carbazole have been 
used as standards to check the performance of the apparatus throughout the 
experiments described in the following chapters. 
185 
8.3 References 
'E. Honegger, R. Bombach, S. Leutwyler, J. Chem. Phys., 1986, Vol. 85 No. 3 
p1234 
2AR Auty, Ph.D. Thesis, 1986, University College London 
3A.R. Auty, A.C. Jones, D. Phillips, Chem. Phys., 1986, Vol. 103 p1 63 
4D.M. Lubman, L. Li, T.M. Dunn, J. Phys. Chem., 1989, Vol.93p3444 
'M.A. Smith, J. IWEM, 1991, V61.5p617 
6Contaminated Land; problems and solutions, Edited by T. Cairney, Chapman 
and Hall, 1993 
7T. Cairney, The Re-use of Contaminated Land; a handbook of risk assessment, 
John Wiley & Sons, 1996 
8j E. Futter, P. Wall, J. Plan. Chrom., 1993, Vol.6 p3 72 
R.E. Hinchee, D.B. Anderson, F.B. Metting Jr., G.D. Sayles, Applied 
Biotechnology for Site Remediation, Lewis Publishers, 1994 
' °The Sigma-Aldrich library of chemical safety data 2nd Ed., Edited by R.E. 
Lenga, 1988, Sigma-Aldrich Corportion 
"S.S. Johansen, A.B. Hansen, H. Mosbcek, A. Arvin, GWMR, 1997, Vol. 17N6.2 
p106 
12D.Muir, D.P.H. Laxen, Atmos. Environ., 1995, Vol. 29 No.8 p. 959 
' 3M.J. Dale, A.C. Jones, S.J.T. Pollard, A.G. Rowley, P.R.R. Langridge-Smith, Env. 
Sci. Technol., 1993, Vol. 27, p1693 
' 4H. Horvath, Atmos. Environ., 1996, Vol. 30 No.4 p 2649 
15A.Petzold, C.Kopp, R. Niessner, Atmos. Environ., 1997, V61.31 No. 5 p. 661 
' 6R. Zenobi, Chimia, 1994, Vol. 48 No. 3p64 
17T Novakov, C.E. Corrigan, Mikrochim. Acta, 1995, Vol. 119p]57 
18A.G.Taylor, A.C. Jones, D. Phillips, Chem. Phys., 1989, Vol. 138p.413 
186 
' 9J.R. Cable, M.J. Tubergen. D.H. Levy, J. Am. Chem. Soc., 1987, Vol. 109p.6198 
2011umic Substances II; In Search of Structure, Edited by M.H.B. Hayes, P. 
MacCarthy, R.L. Malcolm, R.S. Swift, John Wiley & Sons, 1989 
21 RC Beavis, J. Lindner, J. Grotemeyer, E.W. Schiag, Z. Naturforsch, 1988, 
Vol.43ap. 1083 
22G Meijer, M.S. de Vries, H.E. Hunziker, H.R. Wendt, J. Chem. Phys., 1990, 
Vol.92 No. 12p7625 
23M Alcolea Palafox, M.Gil, J.L.Nifiez, Entry in Spectroscopy of Biological 
Molecules: Modern Trends, Edited by P. Carmona, R. Navarro, A. Hemanz, 1997, 
Kluwer Academic Publishers, p.535 
24L Mervyn, Thorsons Complete Guide to Vitamins and Minerals, Thorsons 
Publishing Group, 1986 
25M Alcolea Palafox, F.J. Meléndez, Entry in Spectroscopy of Biological 
Molecules: Modern Trends, Edited by P. Carmona, R. Navarro, A. Hernanz, 1997, 
Kluwer Academic Publishers, p.54] 
26 DE Poetl, J.K. McVey, J. Chem. Phys., 1983, Vol.78 No. 7p4349 
27G. Meijer, M.S. de Vries, H.E. Hunziker, H.R. Wendt, J. Phys. Chem., 1990, 
Vol.94 p 4394 
28j Baum. JAm. Chem. Soc., 1980, Vol.102p720 
29M Alleaume, G. Sala Cimingo, J. Decap, C.R. Acad. Sci. Ser. C, 1966, Vol.262 
p.416 * 
30T.F. Lai, R.E. Marsh, Acta. Crystallogr., 1967, Vol.22 p. 885 * 
31  G. Meijer, M.S. de Vries, H.E. Hunziker, H.R. Wendt, J. Chem. Phys., 1990, 
Vol.92 No. ]2p7625 
32H Baba, M. Kitamura, J. Mol. Spectrosc., 1972, Vol.4 p 302 
33G.A. Sim, J,M, Robertson, T.H. Goodwin, Acta. Crystallogr., 1955, Vol.8p157* 
34D.L. Andrews, Lasers in Chemistry 2nd Ed., Springer-Verlag,1990 
35B. Fain, S.H. Lin, Chem. Phys. Left., 1989, Vol. 157N6.3p233 
187 
9. Phthalocyanines: electronic spectroscopy of large organic 
molecules 
9.1 Introduction 
'Large' molecules in spectroscopic terms is a fairly variable measure, but the term 
generally describes molecules of greater than ca. 20 atoms, or for which resolution of 
rotational structure is unlikely even within the environs of a supersonic jet. There is 
obviously an extremely large number of compounds to which this applies. 
As discussed previously, polyatomic molecules require thorough cooling before 
vibronic structure in their spectra becomes resolved to any degree (see chapter 5). 
The environment of a supersonic jet offers both cooling and isolation, so the 
spectrum is uncomplicated by the effects of being in a condensed medium. This 
technique has been combined with laser desorption, allowing the desorption of 
thermally labile materials (into which category many biomolecules fall) directly into 
the gas phase from the solid phase with no degradation of the sample molecules. 
Thus LD-SJLIF is a technique which may give uniquely resolved spectra of a vast 
number of molecules. Presented here are results obtained for large biologically 
related molecules, the phthalocyanines. Free base phthalocyanine was investigated, 
along with a number of metallophthalocyanines. The metallophthalocyanines 
investigated were of several classes; firstly two compounds with a divalent central 
metal atom coordinated to the ring, magnesium phthalocyanine and zinc 
phthalocyanine. Secondly chlorine aluminium phthalocyanine was investigated, 
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aluminium here a trivalent central metal with chlorine as an axial ligand. Finally two 
phthalocyanines were investigated with two monovalent metals coordinated to the 
phthalocyanine ring, dilithium phthalocyanine and disodium phthalocyanine. These 
experiments are both investigations as to the efficacy of this technique as applied to 
large molecules and research into molecules that are intrinsically interesting in their 
own right. 
9.2 The phthalocyanines 
The phthalocyanines (Pcs) are a class of large molecules based on a central 
porphyrin-type ring. Essentially four isoindole units are joined together via four 
bridging nitrogens to make the planar phthalocyanine ring (see Figure 9-1). In 
4-coordinate metallophthalocyanines the two central hydrogen atoms present in the 
unsubstituted phthalocyanine (free base phthalocyanine or H2Pc, sometimes also 
referred to in the literature simply as phthalocyanine) are replaced by a central metal 
atom coordinating to the four nitrogens as shown in Figure 9-2a. In 5-coordinate 
metallophthalocyanines such as chlorine aluminium phthalocyanine (C1A1Pc) with a 
ligand attached to the central metal atom, the ligand is attached perpendicular to the 
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Figure 9-2: a) Generic metal Phthalocyanine and b) Chlorine Aluminium 
Phthalocyanine. Both possess 4-fold symmetry about the central metal out-of-
plane axis 
The formation of free base phthalocyanine was first reported by Braun and Tcherniak 
in 1907 as an unwanted by-product from the preparation of o-cyanobenzamide 1,2 . 
However it was not studied at this point. The copper derivative, copper 
phthalocyanine (CuPc) was first reported by de Diesbach and von der Wied in 1927 
who noted the stability to reaction of the product. However, it was not investigated 
for commercial uses until 1928, when four chemists at what was then Scottish Dyes 
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Ltd (later part of IC!), A.G. Dandridge, H.A.E. Drescher, S.W. Dunworth and J. 
Thomas, noted that a reaction vessel for preparing phthalimide had its inner glass 
lining chipped and the iron outer exposed. Around this point a strongly coloured 
greenish blue impurity was observed, iron phthalocyanine (FePc). 
The structure of this compound was confirmed in one of the earliest uses of X-ray 
diffraction analysis by J.M. Robertson in 19352,  although the structure was first 
determined to be planar by R.P. Linstead and co-workers in 1933. Such planar 
geometry has been successfully modelled using semiempirical methods for example 
for ZnPc3 , which also show little variation from the planar configuration with 
substitution of the phthalocyanine ring. The it-electron system is continuously 
conjugated around the ring, the reason for the high stability of this series of 
compounds. The first patent regarding the phthalocyanines was granted in 1929 to 
A.G. Dandridge, H.A.E. Drescher and J. Thomas and within a few years, in 1935, 
CuPc was manufactured commercially by ICI. Since then the range of 
phthalocyanines available, the number of potential uses and the amounts produced 
have all vastly expanded, with the phthalocyanines still in common usage today. 
Various phthalocyanines are used, as catalysts, as colorants for aluminium, paint, 
plastics, and so on, as laser dyes, and as lubricants 4 . They have a variety of medical 
uses. For example, they are used as agents for photodynamic cancer therapy, a 
treatment where a chemotherapeutic molecule preferentially attaches itself to a 
tumour cell rather than a normal cell. The therapeutic molecule is chosen so as to 
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absorb a particular laser emission line which is then directed at the patient. The 
tumour cells may thus be destroyed without resorting to means, either surgical or 
chemical, which damage healthy tissue. Photodynamic cancer therapy may also have 
the advantage of being of more use in combating metastisation of cancers where the 
tumour cells, being widespread, are not easily removed via surgery. Phthalocyanines 
also have applications as dyes in photography, the field of semiconductors, and 
xerography, as well as various other applications from use as a levelling agent in a 
nickel electroplating bath to use as a foam-compatible fire extinguishing powder. 
However, this does not address one of the main reasons for study of the 
phthalocyanines; their structural similarity to the porphyrin moiety, found in 
important biomolecules such as chlorophyll and hmoglobin, as shown in 
Figure 9-3. These molecules are of obvious interest; chlorophyll is central to the 
photosynthesis process, without which life on Earth as we know it could not exist'. In 
hmoglobin the porphyrin ring controls the uptake and release of oxygen and carbon 
dioxide in respiration. There have been many molecular orbital (MO) energy 
calculations for porphyrins 6 ' 7 ' 8 ; as usual the calculations are for the isolated molecule 
as the simplest case. The previous spectroscopic work done on biomolecules has 
generally been in the solution phase (e.g. Gouterman et al for porphyrins) due to the 
difficulty of obtaining gas phase samples for analysis without degradation of the 
sample molecules. This problem is less difficult for the simple porphyrin rings as 
they are fairly robust and some vapour phase' ° and conventional supersonic jet 










and/or otherwise thermally labile biomolecules which therefore comprise a large field 




Figure 9-3: a) Central Porphyrin ring, b) Magnesium Phthalocyanine, c) 
chlorophyll (R -CH3 in chlorophyll a and -CHO in chlorophyll b) and d) the 
hm group in hmoglobin. 
Hmog1obin has four polypeptide chains, each containing an oxygen transporting 
hm unit. These four smaller protein units are of two different types, although both 
are helices. One type is designated by cc and the other by ; hmoglobin may be 
represented by writing a22. The primary structure of proteins is the linkage sequence 
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of amino acids in the chain 5 . The secondary structure refers to the local steric 
relationship of amino acids and tertiary structure to the steric relationship of amino 
acid residues that are far apart in the linear (primary) sequence. For proteins with 
more than one polypeptide chain, the steric relationship of the chains to each other is 
referred to as the quaternary structure. 
In hmoglobin there are two mechanisms of interest. One is the uptake and release of 
02, and the other is the uptake and release of CO2. These two mechanisms are 
intimately linked. As with many proteins, the activity of the protein is dependent on 
its conformation and structure. It has two forms, the deoxygenated taut (T) form and 
the oxygenated relaxed (R) form. CO2 binds in the form of carbamate to terminal 
(end of polypeptide chain) amino groups in hmoglobin's a groups according to: 
- 	+ 
R-NI2 +CO2 - 	R-NHCOO + H 
Additionally, a local histidine group close to the COO- charge has its affinity for H+ 
increased due to the local presence of the negative charge and there is an uptake of a 
proton. The concentration of H+ in the blood therefore also affects the CO2/0 2 
loading balance as a high concentration of H+ promotes CO2 uptake. The presence of 
the carbamate forms salt bridges that stabilise the T, deoxygenated, form of 
hmoglobin and thus lowers the oxygen affinity of hmoglobin. In essence, this 
means that in areas of the body where there is a high concentration of CO2 and thus a 
lack of oxygen, the CO2 binds to hmoglobin and promotes the release of 02 in that 
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area. Similarly, when deoxyhmoglobin becomes oxygenated, the protein relaxes, 
promoting the release of H+ and CO2 in the lung capillaries. Although there are other 
factors that affect the process, these are the main points of the overall mechanism. 
The oxygen transport mechanism proposed by Perutz' 2 (sometimes known as the 'tic-
tac' mechanism) states that when one hm group in the T form is oxygenated, the 
quaternary structure is shifted towards the R form. Being more open, this allows 
much greater ease of access for 02 ligands which, unlike CO2, bind to sites within the 
protein matrix, and successive oxygenations are much easier. The change in 
quaternary structure is caused by a change in the local geometry of the hm group 
that has just accepted an oxygen ligand. The central iron atom of the hm moiety is 
coordinated to the four nitrogens of a porphyrin ring. Of the two remaining sites, one 
is occupied by a histidine group. The final binding site is where oxygen coordinates. 
In the deoxygenated form (T), the steric repulsion between the porphyrin nitrogen 
atoms and the histidine unit results in the Fe atom being displaced from the porphyrin 
nitrogens by 0.399 A' 3 . In addition, the pyrrole groups bend toward each other, away 
from the iron atom, forming a slight dome and giving the resultant that the iron atom 
is 0.426 A from the mean porphyrin ring plane and thus the hm group is nonplanar 
when the Fe atom is 5-coordinate. When oxygen binds to the iron, in order to 
optimise the bond with 02 the iron atom moves back into the porphyrin ring plane as 
the steric hindrance of the histidine unit is overcome and the ring becomes essentially 
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Figure 9-4: Movement of Fe atom upon oxygenation of the hm moiety  
This is the movement that triggers the quaternary structure to move towards the R 
form making subsequent oxygen binding more favourable; while it would not be 
statistically very likely to oxygenate all four hm groups in the T form, in a high- 
oxygen content area such as the blood passing through the lungs it is fairly likely that 
one of the groups will pick up an oxygen ligand. The molecule then 'knows' that this 
is the right time to become oxygenated, relaxes (promoting the release of CO2), and 
binds oxygen. Thermodynamic data indicates that the ligand binding is the significant 
process for hmoglobin oxygen release and uptake; although the AH for 
phthalocyanines + solvent -* pc-solvent is about 9 kcalmoF' 'i', the AR for 
pc-solvent (5-coordinate) + solvent -* pc-(solvent) 2 (6-coordinate) is ca. 3 
kcalmoF' 15  The interaction energy of oxygenation agrees with these figures at ca. 12 
kcalmol' of hmoglobin' 2 (N.B. there are four hm groups undergoing ligation by 
oxygen from a 5-coordinate form to a 6-coordinate form: 4 x 3 = 12 kcalmol'), also 
roughly equal to the energy necessary to break the six salt-bridges constraining the 
deoxygenated form. Hence the binding of an oxygen to a hm unit provides both the 
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geometric impulse for the protein to relax and the energy necessary to break one or 
two salt bridges, promoting relaxation. If all four sites are bound then the energy 
released roughly balances that necessary to break all the salt bridges. 
Investigations of the phthalocyanines, therefore, allow the investigation of a simpler 
but structurally very similar system to porphyrins, with the result that their electronic 
states are also similar 8 ; there is thus a great deal of interest in the geometries of the 
phthalocyanine complexes and any changes in their geometry upon coordination to 
axial ligands. The effect upon the structure and spectra of the molecules of the central 
metal atoms has thus been investigated, along with the effect of coordinating a ligand 
to the central metal atom. There has been no investigation here of FePc as a direct 
model for hmoglobin using LIF as FePc is not luminescent 4; however as well as 
several planar phthalocyanines, CIA1Pc, a phthalocyanine with an axial ligand, has 
been investigated, the first time an axially coordinated phthalocyanine or porphyrin 
species has been studied under isolated molecule conditions. Magnesium 
phthalocyanine (MgPc) is structurally extremely similar to chlorophyll and has been 
investigated. 
In contrast to hmoglobin, relatively little is known about the details of the 
photosynthesis mechanism 5 . However, most chlorophylls function merely as energy 
receptors, quickly passing their excitation energy to a 'reactive centre' which 
undergoes charge transfer. The resultant charge separation results in an 
electrochemical potential which may be utilised to drive chemical processes. 
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Monomer chlorophyll ( the energy absorbing agent) does not occur to any great 
extent in 4-coordinate form in solution; instead five- and six- coordinate forms are 
prevalent 16 . The five-coordinate form is thought to be square pyramidal. For a six-
coordinate form where both the non-macrocyclic ligands are axial the geometry 
should be octahedral, whereas for a form where only one of these ligands is axial 
while the second is ligated to the macrocycle the complex would presumably still be 
square pyramidal as the magnesium atom is still only five-coordinate. Some solvents 
will form the octahedral complex, but for water or alcoholic solvents, as well as the 
possibility of ligating axially to the magnesium, the second solvent molecule may 
instead bind simultaneously to the first water molecule and to the macrocyclic keto 
group. Aggregates of chlorophylls are often bound to each other via intermediate 
water molecules complexed to the keto group 16,17  and this is thus a reasonably 
probable orientation of a second solvent molecule. 
The structure does not directly affect the function of the chlorophyll; it is more that 
the change in solvation, ligation, or derivatisation affects the wavelength at which the 
molecule absorbs light. In general several different chlorophylls are present within 
the cell environment 18 , so that light over a region may be utilised for photosynthesis. 
It has previously been noted that the Sit-So  transition is slightly redshifted in 
changing from five- to six- coordinate magnesium 16 
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9.2.1 Structure and symmetry of the Phthalocyanines 
As the macrocycle of the phthalocyanines is planar, the phthalocyanines have Dh 
symmetry. For H2Pc, the position of the hydrogens is contentious' 9 . They may be 
either bound directly to two opposing nitrogens 9 '2° (see Figure 9-5a) or may be 
present as bridging atoms between two nitrogens 2 ' (see Figure 9-5b), but in either 
case the symmetry is D2h.  The generally accepted geometry is with the hydrogen 
covalently bound in the localised hydrogen model and this is the geometry assumed 
hereafter. 
i-axis 	 L-axis 





Figure 9-5: Position of hydrogen atoms within the phthalocyanine ring, a) shows 
the localised hydrogen model and b) the shared hydrogen model. 
For any of the phthalocyanines coordinated to a single divalent metal atom, the metal 
atom is central in the hole within the ring, giving a D4h symmetry (see Table 9-1). For 
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metallophthalocyanines with axial ligands such as C1A1Pc, the symmetry is lowered 
to C4. 






MgPc-H20 distorted C4 35 
Li2Pc DO 
Na2Pc DO 
NB Menapace and Bernstein calculate that MgPc-H20 complex has the water 
hydrogens pointing towards the macrocycle, and the water centre of mass is displaced 
from that of the macrocycle, distorting the symmetry from C4 35 . 
Although it is not certain, the dilithium and disodium phthalocyanines are probably 
DO symmetry with the metal atoms either side of the phthalocyanine ring (see Figure 
9-6). This has been found to be their probable structure in the solution phase 22 
Dipotassium phthalocyanine (1 8-crown-6)2 has a crystal structure of a trimacrocyclic 
sandwich with the potassium atoms either side of the phthalocyanine ring and 
coordinating to a crown ether group 23 . Thus Group I atoms have a demonstrable 
tendency both to exist either side of the phthalocyanine ring and to coordinate to 
more than one macrocycle. For Li2Pc and Na2Pc, therefore, there is a distinct 
possibility that they may exist, in the solid phase, with some coordination interaction 
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between the metal atoms of one molecule and any neighbouring phthalocyanine 
nngs. 
Figure 9-6: Sketch outline of a possible structure of dilithium and disodium 
phthalocyanines. M denotes a metal atom and N the central ring nitrogen atoms. 
Symmetry here is DO 
McHugh et al observed several singlet electronic transition bands in the solution 
phase spectra of the phthalocyanines 8, named (in order of increasing energy) Q, B, N, 
L, C, X1, X2. Figure 9-7 shows the orbitals from which the Q and B transitions 
originate, and the transition symmetries for the various phthalocyanines are given in 
Table 9-2 and Table 9-3. The literature transition labels generally follow the 
convention given by McHugh et al but there is evidence that there is more than one 
allowed transition for phthalocyanine species in, for example, the B region 24 ' 25 ' 27 ' 34 . 
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Therefore although the labelling is conventionally kept it generally applies to the 
region of the spectrum rather than a particular transition. 
The first excited state for the D4h  metallophthalocyanines is a doubly degenerate 'E 
state 21  (and thus the incoming radiation must be absorbed along an axis that is also 
e) and the electronic transition from the ground state is known as the Q band (see 
Table 92)826.  C4, C1A1Pc still has fourfold symmetry giving rise to a doubly 
degenerate, 'E, first excited state. Work by Ough et al suggests that for the 
phthalocyanines the electronic it—its ordering of levels and hence spectral structure is 
unaffected by differences in metal covalent radius and coordination geometry 27 , 
although the actual transition energies will of course vary. 
In H2Pc the D2h symmetry lifts the degeneracy of the first excited state, resulting in 
two Q transitions21 , known as the Q and  Q ,  bands in order of increasing energy. In 
fact all the doubly degenerate transitions present under the fourfold symmetry of the 
other phthalocyanines discussed here become nondegenerate under H2Pc symmetry. 
This also occurs for free base porphyrin and chlorophyll; however, the extensive 
derivatisation of the chlorophyll molecule results in the inversion of the Q and  Q , 











Figure 9-7: transitions between it orbitals giving rise to singlet states for the 
phthalocyanines. Relative separation of levels is purely diagrammatic 
Table 9-2: S 1 —S0 transition symmetries. H2Pc data is from Chen 21 , ZnPc and 
MgPc from Schaffer et a1 29. C1AIPc is by analogy with the other metallocycles. 
















1 133u Tx  Nu symmetry) 
 T (b2u  symmetry) 
Q 
Q 
ZnPc alu eg T, T (eu symmetry) Q 
MgPc al u eg T, T (eu symmetry) Q 
C1A1Pc a2 e T, T (e symmetry) Q 
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Table 9-3: S2 —So transition symmetries. H2Pc data is from Chen 21 , ZnPc and 
MgPc from Lenzoff et al 25 and McHugh et a18. The eg state involved is the same 
as for the S1—S0 transition, while the a2u  state involved is at lower energy than 
the ai state involved in the first transition. CIA1Pc is by analogy with the other 
metallocycles. 
















T (b2u symmetry) 
T (b3u  symmetry) 
B 
B 
ZnPc a2u eg 'Eu T, I.,, (eu symmetry) B 
MgPc a2u eg 'Eu T, T (eu symmetry) B 
C1A1Pc a1 e T, L1, (e symmetry) B 
9.2.2 Previous work 
The phthalocyanines that have been investigated here have also been investigated 
using other techniques. A summary of some of the previous data for the S1—S0 
origin transition of the phthalocyanines studied in this thesis is given in Table 9-4 
below; first-named authors and the types of experiment are given in Table 9-5. 
Vapour absorption spectra have been obtained for H 2Pc, MgPc and ZnPc by 
Eastwood et a1 30, with the normal limitations of this technique that the spectra are 
very broad and show no vibronic structure. There is a second limitation in that the 
involatility of the phthalocyanines means that the temperatures necessary to heat 
phthalocyanine into the gas phase is not much less than that which causes 
decomposition. 
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The fluorescence emission spectra of several phthalocyanines (C1A1Pc, H2Pc, Li2Pc, 
MgPc, Na2Pc and ZnPc) have been studied in the cold environments of a frozen 
solution of benzene at 77K by Reickhoff et al 31 . Again the bands were broad and 
structureless, and the S 1 +-S0 emission 0-0 values are a little to the red of the 
absorption and excitation values, as would be expected in a condensed phase. 
Table 9-4: S 1 —S0 electronic transition data previously found for the 
phthalocyanmes. Energies are given in cm'. Ty is the temperature used to 
vaporise the molecules, where appropriate. 
Compound Vapour' (TvI °C) 
(absorption) 
Frozen 








ClAlPc - 14472 14503 - 
H2Pc 14580 (470) 14368 14411,14770
d 
 15132 (460),  
15132 (450) f 
Li2Pc - 14337 - - 
MgPc 15040 (535) 14399 14898 15612 (397) 
MgPc-H20 - - - 15659 (480) 
Na2Pc - 14388 - - 
ZnPc 15150 (530) 14445 14945, 15088d' - 
a Vapour data is from ref 3° (Eastwood et al) and gives absorption band values. 
b Frozen solution data is from ref 3 ' (Reickhoff et a!) and is fluorescence emission 
data in benzene at 77K. 
C  Shpol'skii data is from ref 32 (Huang et a!) and the samples are in various alkane 
matrices at 4.2K. It should be noted that this is fluorescence excitation data with a 
doublet at the origin. The lowest energy band value only has been given here. 
d Shpol'skii data is from ref 33 (Bondybey et al) and the sample is in an Ar matrix at 
4.2K. The value is a fluorescence excitation value. d  Shpol'skii data is absorption 
value from ref. 34(Van Cott et al) and the sample is in an Ar matrix at 5K. 
e Jet data is from ref 35 (Menapace et al) and is fluorescence excitation value. 
"Jet data is from ref. 36 (Fitch et a!) and is fluorescence excitation value. 
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Table 9-5: The various authors and experiments used for data comparison 
Author Technique Spectrum type 
Bondybey Noble gas matrices (low T) LIF emission and excitation 
Eastwood Shpol'skii Fluorescence emission 
Fitch (Supersonic) jet Fluorescence excitation 
Huang Shpol' skii Fluorescence excitation 
Menapace (Supersonic) jet Fluorescence excitation 
Reickhoff Frozen solution Fluorescence emission 
Van Cott Shpol'skii Absorption 
Several of the phthalocyanines (ClAlPc, H2Pc, MgPc and ZnPc) have also been 
studied in a Shpol'skii (noninterfering) matrix of various alkanes by Huang et a1 32 ; 
they gained both excitation and emission fluorescence spectra. Although they 
perceived a great deal of sharp vibronic structure, the spectra were complicated by 
the presence, as is usual in this type of experiment, of molecules in several different 
sites within the crystal. Each has a similar spectrum which is displaced on the order 
of a few tens of wavenumbers leading to overlapping and very congested spectra. 
Vibrational energies are a little shifted between the molecules in different sites and 
bands present for one 'site spectrum' may be absent in that of another site. This 
demonstrates that although the matrix material is chosen so as to interfere as little as 
possible with the molecules of interest, they are not truly noninterfering and the 
photophysics of the molecule are significantly perturbed from the isolated molecule. 
Shpol'skii spectra have also been obtained, of a similar quality to that of Huang et al, 
for H2Pc by Bondybey et al and for ZnPc by Van Cott et a134  
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A comparison of the Shpol'skii data with the little data available on phthalocyanines 
in the truly isolated supersonic jet environment shows a shift to the blue of the 
S 1 —S0 0-0 band by several hundred wavenumbers. H 2Pc, MgPc and the complex of 
MgPc with water MgPc-H20 have been studied by Menapace et a1 35 and H2Pc by 
Fitch et a136. In all cases clear, resolved spectra were obtained, in good agreement 
with each other and the Shpol'skii data vibronic bands where known. However, in 
order to gain gas-phase phthalocyanine molecules to mix with the jet carrier gas, both 
groups again had to thermally vaporise the molecules at high temperatures. The 
samples of Menapace et al were first vaporised and then mixed with the jet carrier 
gas before expansion. H2Pc was vaporised at 460 °C, MgPc at 397 °C and MgPc-H20 
at 480 °C. The jet was then expanded through a quartz nozzle held at a high 
temperature (for H 2Pc 570 °C; for MgPc and for MgPc-H20 630 °C) in order to avoid 
redeposition of the phthalocyanine molecules. Fitch et a! vaporised H2Pc at 400- 
45 0°C; after mixing with the carrier gas the jet was expanded through a quartz 
nozzle. 
Investigations of the S2+—S0 (B) transition regions for the phthalocyanines are much 
rarer. Edwards et al observed this region in the vapour for several phthalocyanines, 
including H2Pc, ZnPc and MgPc. In each case the bands were extremely broad (of the 
order of several thousand wavenumbers), attributed to underlying n3 1t * transitions. 
MCD spectra of ZnPc in an argon matrix by Van Cott et a1 34 confirmed the presence 
of several electronic transitions in this region. 
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9.3 Experimental 
All samples were obtained from Aldrich and used without further purification. All 
samples were presented as pressed discs of the pure material, produced in a hydraulic 
press and of several mm thickness. For details on the pressures used see section 17 
(Appendix V); generally the phthalocyanines were pressed at Ca. 25 tons. Under these 
circumstances the phthalocyanines produce strong, even discs with surfaces so 
smooth that they have a mirror-like finish. These discs may be desorbed from in a 
controlled manner, although care must be taken that the involatile compound does 
not subsequently redeposit within the faceplate. The type II faceplate (see chapter 7 
section 7.5) was developed in order to minimise this occurrence. 
C1A1Pc has been shown to retain the chlorine ligand after desorption via the use of 
L2TOF-MS - (Laser Desorption Laser Photoionisation Time-of-Flight Mass 
spectrometry) using for desorption an identical CO2 laser to that used in these 
experiments 37 . Thus it is sure that laser desorption under these conditions does not 
decompose this molecule. Similar experiments have been carried out for H2Pc, ZnPc, 




There are a number of results for the phthalocyanines. For the sake of clarity, these 
are presented here in sections devoted to each molecule. The discussion is then 
presented separately in section 9.5. The energy of the S1 +-S0 transition of the 
phthalocyanines alters both with the central metal and with the coordination number 
of the metal. The origin regions of the S1—S0 spectra of the four phthalocyanines 
observed (free base, chlorine aluminium, magnesium and zinc) are given in 
Figure 9-8 and the 0-0 band values in Table 9-6. In all cases sequence bands may be 
observed a few wavenumbers to the red of the main 0-0 bands. The separation of the 
associated sequence bands are given in Table 9-7. In the case of MgPc-H20, while 
the values are given separately, MgPc-H20 bands are normally apparent as part of the 
MgPc spectrum. It may be seen that the only spectrum that is substantially different 
from the others is that of C1A1Pc which has a strong vibrational progression. The 
individual spectra are shown in more detail and their vibronic transitions tabulated in 
the appropriate sections below. All bands were designated as reproducible or 













H2Pc CIAIPc MgPc ZnPc 
5100 	15200 15300 	15400 	15500 15600 	15700 15800 	15900 	16000 
Wavenumber/cm-1 
Figure 9-8: S1*—S0 transitions of the phthalocyanines 
Table 9-6: S1—S0 0-0 band values for the data shown in Figure 9-7 and 
wavenumber shifts with respect to the data in Table 9-4. Footnotes are as for 
Table 9-4. All shifts are to the blue of data in Table 9-4. 
Compound S1—S0 0-0 Wavenumber Wavenumber Wavenumber Wavenumber 
vavenumber shift shift (Frozen shift shift (jete_j et) 
cm' (Vapour-jet) solution" -jet) (Shpol'skii /cm-1 (Ty/°C) 
cm' (Tv! °C) /cm-1 matrix' -jet) 
C1A1Pc 15373 - 901 870 - 
-I2Pc 15132.5 552.5 (470) 164.5 721.5, 361d 0.5 (450)e , 
0.5 (460)" 
vlgPc 1 15613 573 (535) 1214 •715 1(397) 
vlgPc-H20 115660.5 - - - 1.5 (480) 
nPc 115766 616 (530) 	1 1321 821 , 678d' - 
Table 9-7: Phthalocyanine ShE—So ('Q') origin values and the separation of the 
associated sequence bands to the red of the 0-0 bands 
Compound 0-0 wavenumber /cm - 1 Sequence banding value/cm' 
H2Pc 15132.5 2.5 
ZnPc 15766 4.0 
C1ALPc 15373 3.0 
MgPc 15613 4.5 
MgPc-H20 15660.5 Not resolved 
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9.4.1 [Free Base] Phthalocyanine 
9.4.1.1 Sp(—S O  (Q band) excitation spectrum 
The free base phthalocyanine is desorbed intact, as can be see from the mass 
spectrum shown in Figure 9-9, where only the parent molecular ion peak is seen and 
no fragmentation peaks. The fluorescence excitation spectra gained here are well-
resolved and clear, and a typical spectrum of the S1 0-0 region is shown in 
Figure 9-10. Even though there is little of significance in the spectrum other than the 
0-0 band, indicative of efficient cooling of the molecule in the jet, expansion of the 
intensity scale reveals vibronic structure present in the spectrum. This may be seen in 
Figure 9-11. Vibronic bands are clearly present in the spectrum, albeit of a low 
intensity, for several hundred wavenumbers. By increasing the excitation laser 
intensity the intensity of all bands in the spectrum may be increased; for the 
phthalocyanines the 0-0 intensity is so great compared to the vibronic transitions that 
when the latter are of a reasonable intensity the 0-0 transition has been saturated. A 
spectrum of this type is shown in Figure 9-12. 
Sequence bands separated by ca. 2.5 cm' may be seen to the red of the 0-0 band; in 
Figure 9-11 a very weak feature may be seen, but this is more clearly illustrated in 
Figure 9-13. Figure 9-14 and Figure 9-15 show the total recorded range of the S—S 0 
('Q' band) region of the H2Pc spectrum. In each case in this chapter where spectra are 
presented as the 'total recorded region', the spectrum consists of several spectra 
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joined together. Averaging the spectra at the overlap points creates a continuous 
baseline (see Figure 9-15), while truncating the spectra at overlap points often creates 
a discontinuous baseline (see Figure 9-14), but averaging without careful choice of 
spectra often obscures bands. Such spectra therefore consist of truncated sections 
unless stated otherwise (where the averaging instead serves to clarify the spectrum). 
Table 9-9 gives the positions of the bands in the spectrum and compares them to 
previous data. Expansions of Figure 9-14 and further spectra for each of the 
wavelength regions are given in section 23 (Appendix XI). 
I 
Mass (M/z) 
Figure 9-9: Laser desorption laser photoionisation mass spectrum of a mixture 
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Figure 9-12: Fluorescence excitation spectrum of H2Pc at increased laser 
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Figure 9-13: x-axis expansion of origin region of H 2Pc excitation spectrum. 




























15200 	15400 	15600 	15800 	16000 	16200 	16400 
Wavenumber/ cm-1 
Relative wavenumber (cm-1) 
Figure 9-14: Total recorded range of H2Fc S14—S0 spectrum. This figure shows 
several spectra spliced together with spectra truncated at overlap points. 
Intensity from one section to the next is not comparable. The drop in intensity at 
ca. 950 cm' is simply due to the truncating function and is not significant. 
Upper spectrum shows absolute wavenumbers and lower spectrum relative 
wavenumbers of observed transitions. 
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Table 9-8: Absolute and relative wavenumbers of bands observed in H 2Pc 





Band wavenumber shift 
wrt 0-0 band/cm' 
0 15132.5 0 
V I 15163.8 31.3 
V2 15218.2 85.7 
V3 15226.2 93.7 
V4 15232.6 100.1 
V5 15259.8 127.3 
V6 15292.5 160.0 
V7 15308.9 176.4 
V8 15359.2 226.7 
V9 15387.5 255.0 
VIO 15393.1 260.6 
V,, 15401.1 268.6 
V12 15428.7 296.2 
V13 15458.3 325.8 
V14 15510.2 377.7 
V15 15608.4 475.9 
V6 15653.4 520.9 
V17 15679.7 547.2 
V18 15698.7 566.2 
V,9 15810.3 677.8 
V20 15855.7 723.2 
V21 15926.8 794.3 
V22 15963 830.5 
V23 16019.8 887.3 
V24 16112.4 979.9 
V25 16157.2 1024.7 
V26 16191.4 1058.9 
V27 16218.9 1086.4 
V28 16270.3 1137.8 
V29 16353.5 1221.0 
V30 16417.6 1285.1 
V31 16438.8 1306.3 
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Figure 9-15: Total recorded range of H 2Pc S 1 *—S0 spectrum. This figure shows 
several spectra spliced together with spectra averaged at overlap points. 
Intensity from one section to the next is not comparable. 
Table 9-9: Wavenumber shifts of spectral features from the origin in the H2Pc 
S14—S0 fluorescence excitation spectrum. The placing of bands in the same row 




shift wrt 0-0 
band /cm -1  
Fitch 36  Bernstein35 Bondybey33 Huang32 
V 1 31.3  31.2  




V2 85.7  85.4  
V3 93.7 94 93.9  
96.2  
V4 100.1  100.6  
127.3 127 126.9 132 136 
41.7  
V6 160.0 - 58.7  
63.7  
V7 176.4 176 76.0 - 178  
181  
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V8 226.7 226  231 228 
V9 255.0  
v 10 260.6  
VII 268.6  
V12 296.2  
V13 325.8  
V14 377.7  
V15 475.9 470  475 476 
V16 520.9  
547.2  
V18 566.2 565  567 565 
V19 677.8 677  680 678 
V20 723.2 720  721 722 
V21 794.3 793  795 800 
817 
V22 830.5  827 826 




V24 979.9  985 984 
990 1010 
V25 1024.7 1024  1023 
1027 
1034  
1044  1039 1037 
V26 1058.9 1056  1051  
1074  1071 1079 
1084  
V27 1086.4 1087  1095 1109 
1113 1116 
V28 1137.8 1134  1141 1143 
1184  1205 
V29 1221.0 1216  1239 
1260  
V30 1285.1 1281  1289  
1291  1297 1290 
V31 1306.3 1302  1302 
1318 
V32 1334.1 1332  
1351  1335 1355 
As with several features in the H2Pc spectrum, v25 is a cluster of unresolved features 
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at 1005.6, 1024.7 and 1033.5 that may well correspond to features seen at that region 
in the spectrum by other workers. However, for all such unresolved bands the most 
intense point of the cluster is given. 
9.4.1.2 S2 '—S0 (B band) excitation spectrum 
The S24—S0 'B' region excitation spectrum of H 2Pc was also observed, in the range 
30354 to 32508 cm (see Figure 9-16). Although it cannot be stated with certainty 
that the lowest energy band observed here is in fact the origin for this transition, it is 
in the correct region compared to data in the vapour 38, and both the Q x and the B 
bands are shifted with respect to the vapour by the same order of magnitude; for the 
Qx band the shift is 552 cm-1 (3.6% of the band energy) and for the B band 942 cm' 
(3.1% of the band energy): the absolute energies are given in Table 9-10. This region 
contains resolved structure, when observed in the jet environment, which has not 
been noted before; the vibronic transitions observed are listed in Table 9-11. 
It is likely that there is further underlying structure in the spectrum, especially in the 
low frequency region, but that these bands are indistinguishable from the noise. In 
addition, the data in the higher wavenumber region is less reliable, as in this region 
the tuning curve of the excitation laser is increasing in intensity and the signal to 
noise ratio is especially poor. However, it can definitely be stated that this region of 
the spectrum has an extended vibrational structure, rather than being intrinsically 
broad. 
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Table 9-10: Comparison of H 2Pc 0-0 transition energies in the vapour phase and 
in the jet 
Q band/cm' (nm) B band/cm' (nm) 
Vapour 14580 (686) 29412 (340) 
















Relative wavenumber (cm-1) 
Figure 9-16: Total recorded range of H 2Pc S2—S0 spectrum. This figure shows 
several spectra spliced together with spectra averaged at overlap points. Upper 
spectrum shows absolute wavenumbers and lower spectrum relative 
wavenumbers of observed transitions. 
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Band value/cm' Band value/cm-1  
wrt 5, 0-0 band 
Band value/cm' 
wrt S2 lowest 
observed band 
0 30354 15221.5 0 
V I 30595 15462.5 241 
V2 30810 15677.5 456 
V3 30883 15750.5 529 
V4 30954 15821.5 600 
V5 31021 15888.5 667 
V6 31085 15952.5 731 
V7 31141 16008.5 787 
V8 31184 16051.5 830 
V9 31323 16190.5 969 
v 1 0 31383 16250.5 1029 
VII 31423 16290.5 1069 
V12 31458 16325.5 1104 
V13 31525 16392.5 1171 
V14 31631 16498.5 1277 
V15 31667 16534.5 1313 
V16 31737 16604.5 1383 
V17 31787 16654.5 1433 
V18 31811 16678.5 1457 
V19 31855 16722.5 1501 
V20 31939 16806.5 1585 
V21 31969 16836.5 1615 
V22 32015 16882.5 1661 
V23 32068 16935.5 1714 
V24 32112 16979.5 1758 
V25 32146 17013.5 1792 
V26 32177 17044.5 1823 
V27 32275 17142.5 1921 
V28 32324 17191.5 1970 
V29 32365 17232.5 2011 
V30 32414 17281.5 2060 
V31 32455 17322.5 2101 
V32 32508 17375.5 2154 
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9.4.2 Zinc Phthalocyanine 
9.4.2.1 S 1 *'—S0  (Q band) excitation spectrum 
A typical spectrum of the 0-0 region of the ZnPc S1+-S0 excitation spectrum is given 
in Figure 9-17 and may be seen to closely resemble that of H2Pc (see Figure 9-10), 
although the sequence banding to the red of the 0-0 band is separated by ca. 4 cm' 
for ZnPc (see Figure 9-18) as opposed to 2.5 cm' for H2Pc. The total ZnPc spectrum 
may be seen in Figure 9-19 and Figure 9-20, and the vibronic transitions are listed in 
Table 9-13 where they are also compared with previous data. Expansions of 
Figure 9-20 and further spectra for each spectral region are given in section 24 
(Appendix XII). ZnPc is very amenable to desorption and gives cool clear bands with 
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Figure 9-18: x-axis expansion of ZnPc origin region. Sequence banding of ca. 
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Figure 9-19: Total recorded region of ZnPc spectrum. This figure shows several 
spectra spliced together with spectra averaged at overlap points. Intensity from 
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Figure 9-20: Total recorded range of ZnPc spectrum in the region of the S1+-S0 
'Q' band transition. This figure shows several spectra spliced together with 
spectra chopped at overlap points. Intensity from one section to the next is not 
comparable. The drop at ca. 200 cm -1 is simply due to the chopping function and 
is not significant. Upper trace shows absolute wavenumbers and lower spectrum 
relative wavenumbers of observed transitions. 
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Table 9-12: Absolute and relative wavenumber of bands observed in the ZnPc 




/cm - 1  
Band wavenumber shift 
wrt 0-0 band/cm' 
0 15766 0 
V I 15799.1 33.1 
V2 15816.5 50.5 
V3 15868.7 102.7 
V4 15896.7 130.7 
V 5 15918.2 152.2 
V6 15993.4 227.4 
V7 16022.4 256.4 
V8 16035.6 269.6 
V9 16071.9 305.9 
v 10 16089.8 323.8 
VII 16104.9 338.9 
V12 16183.9 417.9 
V13 16196.3 430.3 
V14 16248.5 482.5 
V15 16279.1 513.1 
V16 16298.9 532.9 
V17 16330.8 564.8 
V18 16356.1 590.1 
V19 16551.2 785.2 
V20 16592.8 826.8 
V21 16607.3 841.3 
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Table 9-13: Wavenumber shifts of spectral features from the origin in the ZnPc 
S1 —S0 fluorescence excitation spectrum. The placing of bands in the same row 











active vibration 39  
/cm-1 
VI 33.1  
V2 50.5  
V3 102.7  
114 
V4 130.7  
V5 152.2 154  
V6 227.4  240 
255  
V7 256.4 258  
Vg 269.6  
V9 305.9  300 
v10 323.8  
VII 338.9  350 
V12 417.9  




V4 482.5 479 479 498 
V5 513.1  525  
V16 532.9  
V7 564.8  573 572 
581  
V18 590.1 589 591  
661 638 
676 676 675 
685 
739 742  
V19 785.2  
V20 826.8  824  
829  
836  
V21 841.3 840 842 	1  
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9.4.2.2 S2'—S0 (B band) excitation spectrum 
There is also the possibility that some structure has been observed in the B region of 
ZnPc, but this is not as clear as for H 2Pc. The spectrum is shown in Figure 9-21 and 
the positions of the most significant/reproducible vibronic features are given in Table 
9-14. As with FI2Pc it is probable that many more bands are present that have not 
been distinguished in this spectrum. 
Table 9-14: Absolute and relative wavenumbers of bands observed in the ZnPc 








shift wrt S1 0-0 
band /cm' 
Wavenumber 
shift wrt lowest 
observed S2 
band /cm-1 
0 29983 14217 0 
V I 30113 14347 130 
V2 30266 14500 283 
V3 30596 14830 613 
V4 31455 15689 1472 
31627 15861 1644 
V6 31704 15938 1721 
V7 31856 16090 1873 
V8 31923 16157 1940 
V9 32038 16272 2055 
v 1 0 32286 16520 2303 















































Co 	 N 
3 
2 
I 	 I 	 I 
0 500 	 1000 	 1500 2000 	 2500 
Relative wavenumber/ cm-1 
Figure 9-21: Excitation spectrum of ZnPc in the region of the S2<-S0 'B' band 
transition. Upper spectrum shows absolute wavenumbers and lower spectrum 
relative wavenumbers of observed transitions. The position of those bands most 
likely to be real are marked. 
)0 
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9.4.3 Chlorine Aluminium Phthalocyanine 
C1AIPc may be seen to have a manifestly different spectrum to that of H2Pc and 
ZnPc; it is shown in Figure 9-22. As with H2Pc and ZnPc, C1A1Pc is desorbed 
intact37 , and the spectrum is due entirely to the intact desorbed molecule. The most 
intense band visible in the spectrum is the 0-0 band, with the band to the red of this 
being a hot band. A vibronic progression of ca. 16 cm -1 may easily be seen, based on 
the 0-0 transition, shown in Figure 9-24. Each vibronic band has its own associated 
sequence bands; for the 0-0 band they are of the order of 3 cm'. Figure 9-24 also 
shows the increased cooling that may be achieved using a faceplate optimised for a 
particular molecule (see chapter 7 section 7.5). The spectrum is extremely complex, 
and at higher energies it becomes difficult to resolve particular bands from each other 
and from the background noise; see Figure 9-23 and Figure 9-25. The wavenumbers 
of the vibronic bands present in the spectrum are given in Table 9-15. Band values 
are given relative to the origin in Table 9-16 and their associated sequence bands in 
Table 9-17. Details of all spectra are given in section 25 (Appendix XIII). Although 
C1A1Pc was investigated in the 335 - 3 12.Snm (B) excitation region, no bands were 
clearly observed. This is not unexpected, as the complexity of the C1A1Pc spectrum 
in combination with the weakness of any vibronic features for the S2—S0 transition 
would make it very difficult to identify real features from the noise. It is also possible 
that the ligand perturbs the electronic structure to the extent that the S2 level is no 
longer in the same region as that of the other phthalocyanines and that the 
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Figure 9-23: Total recorded region of CIAIPc spectrum. This figure shows 
several spectra spliced together with spectra averaged at overlap points. 
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Figure 9-24: The origin region of the excitation spectrum of CIA1Pc showing the 
sequence bands more clearly. Sequence banding of ca. 3 cm' can clearly be 
seen. Each vibronic band and associated sequence bands is denoted by a {, the 
0-0 (electronic origin) band by 0. The upper of the two superimposed traces is 
recorded using a type I faceplate and the lower using a type II. The upper 
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Figure 9-25: Total recorded range of C1AIPc S1—S0 spectrum. This figure shows 
several spectra spliced together with spectra truncated at overlap points. 
Intensity from one section to the next is not comparable. Upper spectrum shows 











Table 9-15: Absolute and relative wavenumbers of bands observed in C1AIPc 





Band wavenumber shift 
wrt 0-0 band/cm' 
V I 15354.73 -18.27 
0-0 15373 0 
V2 15389 16 
V3 15405.4 32.4 
V4 15421.3 48.3 
V5 15431.7 58.7 
V6 15438.2 65.2 
V7 15443.7 70.7 
V8 15489.5 116.5 
V9 15498.1 125.1 
v 10 15514 141 
VII 15537.4 164.4 
VI2 15553.5 180.5 
V13 15569.5 196.5 
V14 15579.3 206.3 
V15 15602.4 229.4 
V16 15623.5 250.5 
V17 15638.9 265.9 
V18 15646.3 273.3 
V19 15663.3 290.3 
V20 15679.4 306.4 
V21 15696.3 323.3 
V22 15704.4 331.4 
V23 15716.9 343.9 
V24 15730.3 357.3 
V25 15764.4 391.4 
V26 15860.3 487.3 
V27 15922.2 549.2 
V28 15936.4 563.4 
V29 15963.4 590.4 
V30 15979.7 606.7 
V31 16061.3 688.3 
V32 16131.7 758.7 
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Table 9-16: Wavenumber shifts of spectral features from the origin in the 
CIAWc S1 -S0 fluorescence excitation spectrum. The placing of bands in the 
same row is generally intended as an assignment to the same transition. Bands 
belonging to the same vibrational progression are marked with the same letter, 















Raman active  
vibration41/cm' 
18.27 	a  
16.0 a* 16  
32.4 	a  
"4 8.3 a  





"9 125.1  123 
VIO 141 .0 	b  141 
VII 164 .4 b* 164  178 172 
"12 180.5 	b  
V13 196 .5 b 
06.3  
"15 29.4 	c P37 
50.5 c 50 251 248 
17 65.9 	c 
I8 73.3  
V19 290.3 	d* 290.3  
20 306.4 d 
"21 323.3 	d 
"22 331.4 d 
"23 343.9 	d 
"24 357.3  
"25 391.4  
127  
"26 187.3 185 186 
"27 549.2  
"28 563.4  
"29 590.4 	e* 590 591 588 
30 606.7 e  
"31 688.3 681 682  
719  
"32 758.7 767 152 750 
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Table 9-17: Wavenumbers of sequence bands associated with vibronic bands. 
The energy gaps will only be approximate since the bands are not completely 
resolved in the spectrum and appear as shoulders on the main vibronic band. 
The band denoted as 0 in the 'Mode' column is the pure electronic transition. 
Mode Wavenumber Sequence band 
shift wrt 0-0 wavenumber 
band/cm' shifts wrt v,,/cm -1  
2.66 
1.93 
Vi -18.09 0 
6.26 
2.87 


















V4 48.3 0 
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9.4.4 Magnesium Phthalocyanine 
Magnesium phthalocyanine presented particular difficulties as the spectra obtained 
were often not reproducible. In many cases the spectrum was extremely congested in 
the 0-0 region, suggesting thermal population of low frequency modes due to 
incomplete cooling of the MgPc. As with H 2Pc, ZnPc and C1A1Pc, the MgPc 
molecule does not decompose upon desorption, as shown in the mass spectrum, 
illustrated in Figure 9-9. 
Figure 9-26 shows an uncongested MgPc spectrum in the origin region and 
Figure 9-27 is an x-axis expansion of the spectrum shown in Figure 9-26 showing the 
usual sequence bands to the red of the phthalocyanine S1—S0 0-0 band. 
Figure 9-28 shows a typical congested spectrum of 'hot' MgPc. The total recorded 
range of the MgPc S1*—S0 spectrum is shown in Figure 9-29: the bands are tabulated 
in Table 9-18 and compared to previous data in Table 9-19. Details of the spectra 
may be found in section 26 (Appendix XIV). 
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Figure 9-27: x-axis expansion of MgPc origin region. Sequence banding of Ca. 
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Figure 9-28: Two typical spectra of 'hot' MgPc, S1—S0 0-0 region 
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Figure 9-29: Total recorded range of MgPc S 1 —S0 spectrum. This figure shows 
several spectra spliced together with spectra truncated at overlap points. 
Intensity from one section to the next is not comparable. The drop in intensity at 
ca. 150 cm' is simply due to the truncating function and is not significant. 
Upper spectrum shows absolute wavenumbers and lower spectrum relative 

















Table 9-18: Absolute and relative wavenumbers of bands observed in the MgPc 





Band wavenumber shift 
wrt 0-0 band /cm-1  
0-0 15613.0 0 
V I 15621.0 8 	W2 
V2 15635.2 22.2W2 
V3 15638.9 25.9 
V4 15660.2 47.2 W 
V5 15662.5 49.5W* 
V6 15676.1 63.1 W* 
V7 15705.0 92 
V8 15718.3 105.3W* 
V9 15744.1 131.1 
v10 15784.4 171.4 
VII 15792.5 179.5 
V12 15810.8 197.8 
V13 15834.0 221 
V14 15858.3 245.3 
V5 15875.3 262.3 
V16 15905.5 292.5 
V17 15946.2 333.2 
V18 16010.6 397.6 
Vj9 16040.2 427.2 
V20 16060.8 447.8 
V21 16083.6 470.6 
V22 16191.8 578.8 
V23 16207.8 594.8 
V24 16237.6 624.6 
V25 16289.0 676 
V26 16315.1 702.1 
V27 16373.6 760.6 
PQ to] 
Table 9-19: Wavenumber shifts of spectral features from the origin in the 'cold' 
MgPc S 1 -S0 fluorescence excitation spectrum. The placing of bands in the same 
row is generally intended as an assignment to the same transition. Bands 
assigned as due to MgPc-H20 are denoted with a W. There are two series of 
MgPc-H20 bands, one of which is marked with . Bands v 1 and v2 are 




wrt 0-0 band 
1cm 1 




 bands /cm-1  
Huang32 
1cm' 
V I 8 	W2  
V2 22.2W2  
V3 25.9 30.9  
V4 47.2 W  46.6  














V8 105.3 W*  105.2*  
V9 131.1 130  
138  
165.9  
v 10 171.4 171.4  
VII 179.5 173.9  
V12 197.8  
V13 221  
V14 245.3 247 
V15 262.3 275 
V16 292.5  
V17 333.2  
V18 397.6  
V19 427.2  410 
V20 447.8  
V21 470.6  479 
241 
V22 578.8  585 
V23 594.8  
V24 624.6  
V25 676  673 
681 
V26 702.1  
742 
V27 760.6  759 
By comparison with the MgPc and MgPc-H20 spectra of Menapace et a1 35 , the 
presence of both species may be identified in the MgPc spectrum recorded here, as 
well as two extremely low-frequency transitions that are tentatively assigned as 
MgPc-(H20)2. Transitions thought to be due to MgPc-H20 complexes are marked 
with W in Table 9-19, those due to MgPc-(H 20)2 with W2. There are two MgPc-H 20 
sequences separated by only a couple of wavenumbers; for clarity one series is 
denoted simply by W and the other by W*.  Table 9-21 shows the MgPc-H20 bands, 
and several bands may be seen which have equivalents in the C1A1Pc spectrum but 
are not seen for the other phthalocyanines (see section 9.4.3). Both of these 
molecules have C4, symmetry. 
The MgPc used here is present in the crystalline form as MgPc-(H 20)2 , i.e. two 
waters of crystallisation are associated with each phthalocyanine molecule, and it is 
thought that this water is the source of the water complex bands seen in all the 
spectra. Whilst they could be due to the MgPc-water crystalline associations being 
broken up in the desorption process with subsequent recomplexation within the jet, 
two factors argue against this. Firstly, the energy 'bottleneck' in desorption that 
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prevents internal heating of molecules during the desorption process (see chapter 6 
section 6.3.1) also means that the physisorption bond to the rest of the crystal 
structure is broken first even if this is not the weakest bond in the molecule. It is 
therefore plausible that the phthalocyanine-water bonds within the association are not 
always broken in the desorption process. Secondly, it is a non-trivial process to form 
complexes within the jet environment even if this is a deliberate aim. Such an event 
therefore has a low probability of happening spontaneously and thus once the 
associations are broken up they would not tend to reassociate. Instead, the observed 
MgPc-H20 complexes could arise if MgPc is desorbed with one and sometimes both 
waters of crystallisation still associated. If this is the case, although causing practical 
difficulties, it is an indication of the extremely 'soft' nature of the desorption process 
in these experiments as well as the strongly hygroscopic nature of MgPc (as noted by 
Ough et a1 27). 
The energy imparted by desorption may well therefore be of the same order of 
magnitude as the bond between the MgPc and the water molecules, leading to quick 
redistribution of energy from the physisorption bond into the MgPc-water bonds once 
past the bottleneck, leaving these bonds vibrationally excited or broken and giving 
desorption of hot MgPc-(H20) (n1 or 2) or bare MgPc. These hot MgPc-(H 20) 
complexes might also subsequently lose water once desorbed. Therefore a possible 




MgPc-(H20)2  (DESORBED, HOT) + [MgPC-H20(DESOED HOT) + H201 + MgPC(DESORBED HOT) 
4, 
[MgPc-H20 (VAPOUR, HOT) + H201 	[MgPc (VAPOUR, HOT) + H20] 
[MgPc (VAPOUR, HOT) + H201 
The formation of bare MgPc, whether directly from the crystal or indirectly from loss 
of water from MgPc-water complexes, requires the breaking of two MgPc-water 
bonds. Little bare MgPc is generally discerned in the spectrum, which suggests that 
little MgPc is desorbed directly from the crystal. It also suggests that there is a 
significant barrier to formation of MgPc from the parent water complex(es) 
subsequent to the desorption process. The 'hot molecule' spectra shown in 
Figure 9-28 both show significant intensity in the region of transitions due to the 
MgPc-(H20) molecules and reduced or negligible intensity in the MgPc 0-0 
transition. Several low-frequency vibrationally excited modes of bare MgPc may be 
seen which are absent from the cold-MgPc spectrum but match several nonplanar 
modes seen for C1A1Pc. The upper spectrum is clearer, and wavenumbers for the 
marked transitions are compared to previous work in Table 9-20. This should be 
compared with Table 9-19: the 0-0 transition is greatly reduced in intensity in these 
more typical spectra and the MgPc-(H 20) bands are both more intense and more 
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numerous. However, many band values are the same, indicating that the data are real 
and not spurious. Whilst the 0-0 transition of the series of MgPc-H20 modes 
designated W is not immediately apparent, other W species bands are clearly present 
and it is likely that this feature, and indeed probably also others, is simply not 
resolved. The appearance in the upper spectrum of Figure 9-28 of two bands of 
nearly equal intensity near the MgPc 0-0 transition (the band at ca. 10 cm -1 being 
assigned as a W2 transition) is a very common appearance for MgPc spectra, 
suggesting, if the assignment is correct, that MgPc-(H20)2 is commonly present. 
The intensity of the low-frequency, out of plane, modes in the normally observed, 
congested, spectrum indicates that the bare MgPc formed is vibrationally excited in 
these modes, i.e. its mean geometry is nonpianar. In MgPc-H20 the molecule is 
nonplanar, whereas the equilibrium geometry for bare MgPc is planar. Loss of a 
water molecule from MgPc-H20 thus leaves MgPc distorted from the new 
equilibrium geometry and the bands due to non-planar modes may gain intensity as 
the Franck-Condon factors for these transitions are larger; the factors for the 0-0 
transition would be correspondingly reduced. 
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Table 9-20: Wavenumber shifts of spectral features from the origin in the 'hot' 
MgPc S 1 -S0 fluorescence excitation spectrum. The placing of bands in the same 
row is generally intended as an assignment to the same transition. Bands 
assigned as due to MgPc-H20 are denoted with a W. There are two series of 
MgPc-H20 bands, one of which is marked with *• Bands vi and v2 are 
tentatively assigned as MgPc-(H 20)2 and are denoted by W 2 . It should be noted 




wrt 0-0 band 
/cm-1 






1cm 1  
V1 10.4W2  
V2 21.7W2  
V3  30.9  
V4 Unresolved W 
48.4 W* 
 46.6  
V5 48.3*  
54.5 54.6  
58.6 61.1  
60.5  
V6 63.1 W* 62.4*  
67.7 70.9  
73.4W  75.7  
78.1*  
84.3  
87.6 W*  88.9*  
V7 91.7 92.3  
96.9  
102.8 102.5  
103.7  
V8 105.3 W*  105.2*  
118.2  
123.9  
134.3 130  
138  
168.7 165.9  
v 10  171.4  
V11 179.5 173.9  
V12  
V13 220 . 9  
Oz, rel 
Table 9-21: Band wavenumber values of MgPc-H20 and MgPc-(H 20)2 
complexes. 
Species Band 	value/cm' Band 	value/cm' 	wrt 
wrt MgPc 0-0 band appropriate 	MgPc-H20 	0-0 
band 
W2 8 0 
22.2 14.2 
W 47.2 0 
73.4 26.2 
W* 49.5 0 
63.1 13.6 
87.6 38.1 
105.3 1 55.8 
N.B. The MgPc-H20 modes of 13.6 and 55.8 cm' are close to the similarly C4 
C1A1Pc modes v2 and v 5 at 16 and 58.7 cm'. The 16cm' (fundamental) mode is only 
seen in phthalocyanines with C symmetry; it is absent from the spectrum of D 
symmetry (planar) phthalocyanines. 
It was observed empirically that more efficient cooling and more reproducible spectra 
tended to be obtained after about 2 hours of desorption, especially if desorption was 
still from the initial desorption track. There are two possible reasons for this. Firstly, 
unlike the other phthalocyanines, MgPc has a marked tendency to redeposit within 
the cooling/entrainment faceplate; since this narrows the cooling channel, the 
increased number of collisions may lead to greater cooling of the molecule, and, 
indeed, the most clear spectra were often obtained just before the faceplate was 
completely blocked. (Experimental note: this necessitates the interruption of the 
experiment and the reaming out of the faceplate). Secondly, the sample disc is 
rotating to form a continuous track and several spectra are taken in succession. If the 
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H20 is preferentially desorbed, then on subsequent rotations the track would be drier 
and there would be a greater chance of observing the uncomplexed MgPc molecule. 
Any free water formed during or subsequent to the desorption process would inhibit 
the cooling of the desorbed MgPc species, directly by collisional excitation and/or 
indirectly by loss of energy to the carrier gas, heating it up and reducing the cooling 
power available for MgPc species. This would increase the difficulty of cooling the 
molecules. 
The lack of reproducibility for MgPc from one spectrum to the next may be linked to 
this phenomenon, as varying amounts of water may desorb from the sample. 
Similarly, the variation in the MgPc spectrum at different points within the gas pulse 
(as compared to the other phthalocyanines which are cool and have reproducible 
spectra for a large envelope within the supersonic jet gas pulse) may be explained by 
the presence of several different species in the jet. The ratio of MgPc-(H20) 2 
MgPc-H20 : MgPc formed and the subsequent amount of cooling taking place would 
be critically dependent upon both the desorption process and the efficiency of 
subsequent entrainment in the supersonic jet. A desorption plume which varied both 
shot-to-shot and spectrum-to-spectrum in its stability could result from variable 
amounts of water being freed each time. 
Whilst an attempt was made to search for the B region of MgPc, due presumably to 
the desorption limitations no reproducible spectrum was obtained. 
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9.4.5 Dilithium and Disodium Phthalocyanine 
No fluorescence was seen for either of these molecules. For Li 2Pc the excitation 
range 676 - 580.5 nm (14793 - 17227 cm') was investigated, and for Na2Pc the range 
676 - 606 nm (14793 - 16502 cm -1 ). This excitation range extended well beyond the 
region in which the spectra of the other phthalocyanines were found (660 - 635 nm, 
15132 - 15766 cm'). Both types I and II faceplate (see chapter 7 section 7.5) were 
also utilised in order to vary the range of desorption conditions. 
A possible explanation for the failure to observe these species is the occurrence of 
demetallation during the desorption process. Dilithium phthalocyanine is easily 
demetallated in solution 42, and indeed is used as a precursor for some of the other 
metallo-phthalocyanines 2 ' 25 . For dilithium phthalocyanine, the demetallated species 
can quite clearly be seen in the laser desorption laser photoionisation (L 2MS) mass 
spectrum (see Figure 9-30). Both the singly demetallated and the doubly demetallated 
species are observed. The doubly demetallated species peak is fairly small and might 
be ascribed to fragmentation occurring during the post-desorption photoionisation 
process. However, the peak due to the singly demetallated species is of similar 
intensity to that of the parent molecular species. This intensity may well indicate that 
the fragmentation is not occurring during the ionisation process but during the 
desorption process instead. Demetallation is not observed for the other 
phthalocyanines under the 'soft' ionisation conditions used to obtain these spectra, 
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and photoinduced molecular fragmentation during the ionisation process is unlikely 
under these conditions. 






I 	Small peak 
1600l due to loss of 





Figure 9-30: Laser desorption laser photoionisation mass spectrum of Li2Pc 44 
The presence of the demetallated species in the mass spectrum, together with the lack 
of fluorescence for this molecule, suggests that demetallation is occurring during the 
desorption process of these experiments. This would reduce the yield of the parent 
molecule after desorption and, in combination with the large population loss from the 
excited state of any parent molecules present due to phosphorescence ((DT = 0.6 ± 
would significantly reduce O F. The excited demetallated radical in solution 
has a short lifetime of 130 ps, although the decay pathway was unknown. No 
fluorescence was observed from the excited state and indeed such decay would be 
spin-forbidden as this species is a doublet. Therefore, even if the energy of the 
transition were to be unaffected by the demetallation (a most unlikely assumption), 
the demetallated radical species would not contribute to OF. The demetallation and 
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photoionisation spectrum of Li 2Pc has been investigated in solution 43, and very little 
yield of the demetallised product is seen at the visible wavelengths where the jet 
excitation spectrum would be observed. At these wavelengths the process would 
involve at least two photons and would be fairly unlikely to occur during excitation 
of the molecules. 
In the solid state these phthalocyanines may behave differently to the other 
phthalocyanines investigated here. There is the possibility that in the solid phase the 
molecules are not planar but exist with the metal atoms either side of the 
phthalocyanine ring. They may also have ionic interactions with neighbouring 
macrocycles (see section 9.2.1). These different interactions may disrupt the normal 
desorption mechanism, resulting in the demetallation of these molecules during the 
desorption process. 
For Na2Pc the desorption process is visibly different: the molecule is extremely 
volatile to desorption and difficult to desorb in a controlled manner, quite unlike the 
behaviour of the other phthalocyanines. In the case of this molecule, it is therefore 
possible that it is simply the difficulty in controlling the desorption that prevented a 
spectrum from being seen (see chapter 7 section 7.5.2) rather than any demetallation 
effect. The laser desorption laser photoionisation mass spectrum (see Figure 9-31 44) 
shows only a small peak due to the demetallated species, suggesting that Na 2Pc is 
desorbed intact. 
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It should be noted that the desorption-volatility of NaPc is quite distinct from normal 
volatility with respect to heating. Na2Pc is as involatile in the normal sense as the rest 
of the phthalocyanines. This was experimentally confirmed as the large amounts of 
desorbed material covering the inside of the vacuum chamber resulting from 
redeposition after desorption did not evaporate under the low pressure applied in 
subsequent experiments but remained in place. The material was also as resistant to 
cleaning with solvent as one would expect given the difficulty of solubilising the 
phthalocyanines as a class except in highly coordinating solvents such as 
concentrated sulphuric acids and highly aromatic solvents such as 
a-chloronaphthalene 25 . The extremely facile desorption may possibly result from a 
near-surface phonon resonance with the desorption wavelength of 10.6 jtm, 








Figure 9-31: Laser desorption laser photoionisation mass spectrum of Na2Pc 44 
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9.5 Discussion 
9.5.1 Assignment of vibronic transitions 
As seen in section 9.4, the only bands of great intensity in the spectra of the D2h  and 
134h phthalocyanines are the S1 0-0 vibrationless transitions. The Franck-Condon 
envelope for this transition is therefore extremely small, including only one or two 
very low-frequency vibrational modes, and the geometries and potential energy 
surfaces of the ground and excited states are very similar. However, the spectra of the 
phthalocyanines do contain a great many vibronic bands, although they are weak 
relative to the 0-0 band, the assignments of which are discussed in the following 
sections. 
Previously, normal coordinate analyses were calculated and the Raman spectra of 
these molecules investigated for FePc (in-plane modes only) by Melendres et a1 45 and 
ZnPc by Palys et a1 46. Both these molecules have 134h  symmetry, under which regime 
the aig, big, b2g and e g vibrational modes are Raman-active; a2g  modes occur in 
resonance Raman spectra. Aroca et a1 40'41 '47 have assigned the totally symmetric (ai 
and ai g) modes of ZnPc and other metallophthalocyanines from investigation of 
surface-enhanced Raman spectra in which these modes are dominant. 
MCD spectra of ZnPc in an argon matrix has been performed by Van Cott et a1 34 , 
allowing aig and big (i =1 or 2) modes to be distinguished. The matrix fluorescence 
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excitation spectrum of H2Pc has been investigated, the polarisation of the 
fluorescence allowing identification of the totally symmetric modes. This information 
has been utilised in making the vibrational assignments of the phthalocyanine spectra 
recorded here. 
There is a marked similarity of the spectrum of ZnPc to that of the other Dh 
phthalocyanines (see Table 9-22), allowing the assignment of their spectra by 
comparison with that of ZnPc as long the different symmetries are correlated properly 
(see Table 9-25, Table 9-29 and Table 9-34 for tables of correlations of the different 
phthalocyanine symmetries). Vibrational assignments are given in Table 9-26 for 
H2Pc, Table 9-30 for C1A1Pc and Table 9-32 for MgPc. Where there have been 
several modes of different symmetries predicted for ZnPc in the same energy region, 
clarification of the assignment of an observed band has been obtained by a 
comparison with the assignment of H2Pc which has several constraints imposed upon 
it by the different geometry and the subsequent splitting of the S 1 —S0 transition into 
S1,—S0 and S1—S0. Although the C4, ClAlPc spectrum has a different appearance to 
that of ZnPc with several different vibrational progressions apparent, nevertheless the 
fundamental of the progression may generally be compared to an equivalent ZnPc 
band. MgPc has the same symmetry as ZnPc and may be compared directly with it. 
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Table 9-22: Comparison of band values for all phthalocyanine species 
































9.5.1.1 Zinc phthalocyanine 
Vibrational assignments for ZnPc are given in Table 9-24. These are primarily 
assigned by comparison with the ground-state normal coordinate analysis and Raman 
spectra. Ground state assignments are assumed to be valid in the excited state due to 
the similarity of the ground and excited state geometries, and the consequent often 
close correlation of the observed ground-state vibrations with those in the excited 
state. Some modes are assigned by correlation with equivalent modes in this region 
for H2Pc which have been assigned by other workers 32,33 
For the DO symmetry phthalocyanines, of which ZnPc is one, the molecular orbitals 
from which the pure electronic S 1 <-50 Q state arises are 
Q = ai(rr) —* eg( t*) = 1 E 
By multiplying the two molecular orbital symmetries entry by entry in the character 
table 5° this gives rise to 1 E symmetry (see Table 9-23). This transition is symmetry-
allowed via absorption along the x and y Cartesian axes (also of E symmetry). 
Table 9-23: Multiplication of eg and a1 entries to give resultant, E, symmetry. 
Multiplication takes place for each symmetry operation I, C2, etc. 
DO I C2 2C2' i Uh 2cr,  
eg 2 -2 0 2 2 0 b2g + b39  
al u 1 1 1 -1-1 -1 a 
eu 2 -2 0 -2 2 0 1  b2+b3 
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There are many more bands present in the spectrum of ZnPc due to vibronic 
transitions than can be accounted for by assignment as the 14 possible allowed ai g 
fundamentals (see section 22: Appendix X for symmetry calculations on the 
phthalocyanines), of which only four are predicted to be in the region investigated 
here 46 - the more intense bands are assigned as this symmetry unless there is evidence 
otherwise. The previous work on vibrational assignments of the phthalocyanines 
indicates that the lowest aig  vibration is V6 at 227 cm from the 0-0 transition. 
Extremely low-frequency modes for the phthalocyanines are generally out-of-plane 
modes 34,35,46,48 , i.e. it does not take much energy for the molecule to adopt a 
nonpianar configuration. The molecule may have some nonplanar character in the 
excited state. This will be discussed in greater detail in section 9.5.2., and has the 
implication that a few very low-frequency non-totally symmetric modes may have 
some Franck-Condon allowed character. 
The other low frequency modes must therefore gain intensity through vibronic 
coupling. The gerade vibrational modes (ai g, a2g, big, b2g = y) may couple Si and S2. 
Hence some of the low-intensity bands in the spectrum outwith the Franck-Condon 
envelope of the phthalocyanines may be assigned as arising from these vibrational 
modes. The symmetry of the S2—S0 B state is given by: 
B = a2U(7c) —+ eg(lt*) = '-'U 
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The Q state is also 'E ; multiplying this symmetry by that of the gerade vibrations, 
X yg = 1 E. This is of the same. symmetry as the B transition and hence all gerade 
vibrations may couple the Q and B transitions, thereby gaining intensity. Whilst the B 
state is Ca. 15000 cm -1 above the Q state, a quite large gap, the gas phase absorption 
spectra indicate that the oscillator strength of the S 24—S0 transition is strong, Ca. three 
times that of the S 1 +-S0 transition. 
Although the assignment of the modes may not be exact, there are insufficient ai g, 
a2g, big and  b2g  modes of low frequency to account for all the vibrations present in the 
D4h spectrum 46.  This is a phenomenon that has been observed before for H2Pc 32 . The 
remaining low-frequency modes must arise from coupling with another electronic 
state. There is evidence that there is an allowed '(n, t*)  state in this region32 '34 , 
denoted Q', thought to be about 1600 cm -1 above the Q state. 
Q' = e(Np) 	e(ir) = 'A id + 'A2 + 1 B 1 + ' 132 (= ['u) 
This gives rise to 'A 1 + 'A2 + 1 B 1 + ' 132 (= F') singlet states under DO 
symmetry49 ' 50 . Of these, the 'A2 state is allowed and has non-negligible oscillator 
strength. If the Q state has an e g vibration, then 'E(Q) X Cg = Fu, containing the a2 
symmetry term, the same symmetry as Q', and consequently Si e g vibrations can 
couple the Q transition with the Q' transition and the vibronic band gains some 
intensity. The remaining unassigned vibronic bands are therefore assigned as e g 
modes. Q' is close-lying and hence much closer in energy than B to Q (see Figure 
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9-32) and therefore a Q-Q' coupling is more favourable in energy terms than 
•: 
Table 9-24: ZnPc vibrational assignments. Modes marked * are assigned by 




value/cm -1  
wrt 0-0 band 
Assignment + band 
value 1cm 1 ; i = 1 or 2 
from reference 34 
Assignment on basis 
of ground state 
information 45,46 
VI 33.1  a2 = X0-2 
V2 50.5  b2 = Y0-2 
V3 102.7 
eg = Z' 0-2 underlying 
 eg 
V4 130.7 big 
V5 152.2 big (154) b2g 
V6 227.4  aig 
V7 256.4 big (255) big 
a1g (258) alp 
269.6  b2g 
V9 305.9  eg 
ViO 323.8  eg 
VII 338.9  Vi + v9 
V12 417.9  eg 
V13 430.3  eg 
V14 482.5 big (479) b2g 
V15 513.1  a2g 
V16 532.9  b2g 
V 1 564.8  bi g 
V18 590.1 aig  (589) aig 
aig (676) ai g 
big (739) big 
V19 785.2  a , g* 
V20 826.8  b2g* 
V2i 841.3 aig (840) a2g 
N.B. The assignment of modes as X, Y and Z' vibrational modes will be discussed 

















D4h 	 C4y 
Figure 9-32: Energy levels giving rise to singlet transitions for the DO and C4 
phthalocyanines. Relative separation of levels is purely diagrammatic. 
9.5.1.2 Free base phihalocyanine, S1 —S0 
For D2h  H2Pc the low-frequency e g modes visible in the ZnPc spectrum are split into 
b3g and b2g.  Hence Q is split into Q (the lower energy state) and Q ,  and B into B 
and B; see Figure 9-33. The resultant state symmetries are: 
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Q = a(it) + b3g (*) = 'B3 
Q = ait) 	b2g (*) = 
B = bi u(7t) 3 b3g (*) = 
B = b1(7r) 3 b2g (*) = 1 133 
The Q' state arises from: 
Q' = b u(1t) •-3 b3g(7t*) = 
and indeed Bi under D2h  symmetry is directly correlated with AN under D4h 
symmetry ('A2 being the Q' state symmetry for the D O  phthalocyanines); see 
Table 9-25. Transition to one more of the four Q' singlet states becomes allowed 
under D2h  symmetry, that of Q' = b3(70 -+ b2g(11*) = 1 131, but this will be displaced 
well to the blue of the region investigated here. 
Table 9-25: Correlation of D4h  and D2h symmetry 
D4h I C2 2C2' '  2c r,  
I C(z) C2(y) C2(x) I a(xy) (xz) cy(yz) D2h 
aig 1 1 11 1 1 a. 
a2g 1 1 -11 1 -1 big 
bi g 1 1 11 1 1 ag 
b2g 1 1 -1 1 1 -1 bi g 
e. 2 -2 0 2 -2 0 b2g+b3g 
al u 1 1 1-1 -1 -1 a 
a2u 1 1  -1 1 b1 
b lu 1 1 1-1 -1 -1 a 
b2u 1 1 -1-1 -1 1 b1 
eu 2 -2 0 -2 2 0 b2+b3 
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Figure 9-33: Energy levels giving rise to singlet transitions for D2h H2Pc21 . 
Relative separation of levels is purely diagrammatic. Both B1 and B2 arise from 
the same basic transition, but mixing with other levels leads to the separation in 
energy of the two transitions. Each of the B transitions is further subdivided 
into x and y transitions as depicted above. 
Vibronic coupling of Q + B or Q,, + B occurs via vibrations of a g symmetry; there 
are 29 ag modes for H2Pc compared to only 14 aig  modes for ZnPc (see section 22: 
Appendix X). Similarly, coupling of Q + B or Q + B and additionally Q + Q , 
may be induced by bi g  vibrations. Weak bands may be seen in the spectrum 
corresponding to vibrations of these symmetries. Vibrational assignments for H2Pc 
are given in Table 9-26. 
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Table 9-26: H2Pc vibrational assignments. The mode marked * is assigned from 
Ref.32. Modes not denoted by Vn  in the 'equivalent ZnPc mode' column are 
equivalent to modes seen by other workers for ZnPc in the Raman (ground 
state) spectrum but not by us for its fluorescence excitation spectrum. Modes 





wrt 0-0 band 
Assignment Equivalent 
 ZnPc mode 
VI 31.3 b,=X0-2 v 1 
V2 85.7 b3g Z02  
V3 93.7 b2g V3 
V4 100.1 b2g = Z' 02  
V 5 127.3 ag 
V6 160.0 big 
V7 176.4 b2g = G 0-2  
V8 226.7  V6 
V9 255.0 ag V7 
v 10 260.6 ag ai g 
VII 268.6 big V8 
V12 296.2 b2g V9 
V13 325.8 b2g Vi0 
V14 377.7  
V15 475.9 big 
V16 520.9 bi g 
V17 547.2 bi g V16 
V18 566.2 ag Vu 
V 19 677.8 ag aig 
V20 723.2 ag bi g 
V21 794.3 ag ai g (vi9) 
V22 830.5 big* (Qy) b2g (V20) 
V23 887.3 v21+v3  
V24 979.9 big (Qy) 
V25 1024.7 ag  
V26 1058.9 big(Qy) 
V27 1086.4 big(Qy) 
V28 1137.8 ag  
V29 1221.0 ag  
V30 1285.1 ag  
V31 1306.3  
V32 1334.1 bi g  
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Under 132h  symmetry, vibrations which were Cg for ZnPc are split into b2g  and b3g, but 
Only b2g  vibrations are the correct symmetry to couple Q and  Q'. Modes equivalent 
to the ZnPc eg modes are therefore assigned as having b2g  symmetry for H2Pc and 
several bands of this symmetry are present in the spectrum. However, it may be seen 
that there are less b2g (Q' coupling) bands in the spectrum than equivalent (e g) modes 
for ZnPc and it may be that the coupling terms are not quite as large for H2Pc 
comparatively to ZnPc. 
Most of the bands of significant intensity in the higher wavenumber region of the 
H2Pc spectrum can be assigned to totally symmetric modes. In the 700-1100 cm 
region of the H2Pc spectrum, there is a region of dense vibronic structure, for which 
the modes of significant intensity up to Ca. 900 cm -1 can be assigned as ag (although 
there is also unresolved and unassigned low-intensity structure present). However, 
there is a cluster of bands of significant intensity in the 800-1100 cm -1 region which 
are previously unassigned. This may be interpreted as the onset of the Q ,  state, 
coupling with the Q state and distributing its oscillator strength over several 
transitions in the region and giving rise to intermediate level structure 51 . The matrix 
isolation excitation spectrum of H2Pc (Bondybey et a1 33) shows a similar cluster in 
this region with several transitions perpendicularly polarised to the Qx origin, 
indicating a separate electronic transition. Bondybey et al also note that the features 
observed by several workers at 1600 cm', and commonly ascribed to the Q ,  origin, 
shift upon deuteration by Ca. 40 cm' whereas the Q origin does not. Since Qx and Q, 
would be expected to have similar vibrational structure and behave similarly upon 
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deuteration, this casts doubt on the assignment of this feature as the Q origin. Whilst 
Bondybey et al were unaware of any candidate for assignment to the 1600 cm -1 
feature if the Q origin were assigned to the electronic transition in the 800 cm -1 
region, the Q' state presents itself as an obvious choice. 
9.5.1.3 S2 —S0 of Free base phthalocyanifle and Zinc phihalocyanine 
Structure of a similar nature to that in the Q region may be seen in the B region of the 
H2Pc spectrum: see Figure 9-34. The close match of the B vibronic structure with the 
Q equivalents, taken along with the small Franck-Condon envelope for the S i +S0 
transition, implies the close congruence of the geometry in all three singlet states and 
shows that the phthalocyanine macrocycle is fairly stable upon excitation. Our 
investigation of the S1—S0 transition was up to 1335 cm-1 above the 0-0 transition 
and the S2—So up to 2154 cm', limiting the comparison of the two states. However, 
Bondybey et al, with whose bands we are generally in agreement, investigated the 
S1—S0 transition up to 2135 cm-1 and the comparison may continue up to this point. 
The agreement is excellent for the whole region, with most bands agreeing to ± 10 
cm -1: s  
Table 9-27. This is remarkable given that the comparison is between two different 
electronic states, separated by a large wavenuinber gap (Ca. 15000 cm') and further 
supports the assignment of the lowest observed S2—S0 band as the 0-0 transition as 
well as showing the strong similarity between the vibrational structure of the two 
states. Bands equivalent to those assigned as coupling to the onset region of the Q , 
state may be seen in the B spectrum. 
Table 9-27: Comparison of H 2Pc S1+-S0 and S2+-S0 transition energies. S2<-SO 
modes are assigned by comparison with S 1 -S0 modes, assuming that the lowest 
observed S2+-S0 energy band is the origin transition. B combination modes refer 












of B band 
31.3  b1=X0-2 
85.7  b39  = Z 02 
/3 93.7 b2g 
/4 100.1 b2g = Z' 0-2 
/5 127.3 132 ag 
/6 160.0 )lg 
/7 176.4 178 b29 = E 02 
226.7 231 ag 
/9 255.0 v 1 241 ag 
'io 260.6 ag 
'Ii 268.6  big  
12 296.2  )2g 
325.8  2g 
14 377.7  
/35 475.9 475 456 b i g  
/16 520.9 V3 529 big  
17 547.2 bi g  
18 566.2 567 V4 600 ag 
19 677.8 680 v5 667 ag 
'20 723.2 721 v6 731 ag 
'21 794.3 795 v7 787 ag 
'22 830.5 827 V8 830 b ig* (Br) 
23 887.3 880  
899  
'24 979.9 951 V9 969 bi g (Br) 
985  
990  
'25 1024.7 1034 v 1 0 1029 ag 
1039  
IV26 1058.9 11051 Ivil 1069 IbI g (By) 
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1071  
27 1086.4 1095 V12 1104 bi g (By) 
1113  
28 1137.8 1141 1171 ag 
1194  
'29 1221.0 1212 ag 
1260  
1285.1 1289 v 14 1277 ag 
"31 1306.3 1297  
'32 1334.1 1335 V5 1313 big 
V16 1383 v7+V4 
1433 v7 1433 V8+V4 
1451 V18 1457 V7+V5 
1484  
1501 V9 1501 v8+v5/ 




1619  1615 
1661  1661 2V8 
1724 V22 1714  
1761 V23 1758  
V24 1792  
V25 1823  
1936 V26 1921  
V27 1970  
2012 V28 2011  
2022  
2051 V29 2060 V14+V7 
2125 V30 2101 




Figure 9-34: H2Pc S1—S0 (upper trace) and S2—S0 (lower trace) 
There is also some additional information to be gained from the B spectrum. At 
around 1600 cm -1 above the assigned origin band the nature of the spectrum changes: 
the total recorded spectrum is illustrated in Figure 9-3 5. It becomes much more 
congested, indicating the presence of another underlying electronic transition. The 
spectrum is extremely complex at this point and the falling dye laser power in this 
region leads to lower signal-to-noise ratio. Under these conditions the exact structure 
of the region, cannot be elucidated. Given the number of allowed transitions in this 
region, both ir—ir and nir*,  this is not entirely unexpected. What is unexpected, 
however, is the close correspondence of the new transition to the energy of Q' with 
respect to the S1—S0 transition, also Ca. 1600 cm' above the 0-0 band. This may well 
be accidental, with the preponderance of possible allowed transitions in this region. 









transition but less than 50% pure, are separated by only Ca. 3000 cm. This is not too 
far removed from the value seen here and makes a plausible possible assignment for 
the new electronic transition. Van Cott et al have assigned the experimentally 
observed B  and B2 states of ZnPc in an Ar matrix to broad band centres at 24000 
and 29950 cm-1 respectively. Both values are significantly red-shifted compared to 
our spectra and the separation is greater than for the transitions observed here. 
However, this may be ascribed to the perturbation of the states due to incorporation 
in the matrix. Ishikawa et al also predict a ic —it s transition Ca. 200 cm' lower than the 
B 1 transition for MgPc. Like the Q transition this originates from the a1 HOMO but 
ends in a higher energy ic  state. It is calculated at only 65% pure 2a, u-+4b2u as 
opposed to the nearly completely pure 2aiu - 6eg Q transition. There are also thought 
to be a number of n_7r*  transitions in the region of which at least one is allowed' ' 20'26 . 
Resolved transitions have not previously been seen in the B region and the data 
presented here is the first evidence that the transitions in the region are not 
intrinsically broad and that several electronic transitions may be seen within a range 
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Figure 9-35: B regions of ZnPc (upper trace) and H2Pc (lower trace) corrected 
so that in each case the band assigned as the vibrationless transition is at the 
same energy. In both cases the spectrum may be seen to become significantly 
more congested ca. 1600 cm 1 above this point. 
Bands have also been detected in the B region of the spectrum for ZnPc (see Figure 
9-3 5), and the significant bands have been tentatively assigned (see Table 9-28) 
Although the number of significant bands is less than for the H2Pc S2—So spectrum, 
and the shift of the B transition compared to the Q transition is ca 1000 cm' less than 
that for H2Pc, the correspondence with the H2Pc S2—S0 spectrum is similar enough 
to support the assignment of the lowest energy observed band in the ZnPc B region as 
the 0-0 transition. It also implies that the geometry of the metallophthalocyanines in 
the S2 excited state and corresponding vibronic structure, as for H2Pc, is similar to 
that in S1 and S0. 
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The B transition for ZnPc is displaced several hundred cm -1 to the red of that for 
H2Pc. Therefore the high-frequency region of the spectrum becomes congested 
before the onset of the dye laser power dropoff, increasing the probability that the 
data is reliable. The qualitative appearance of the spectrum has similarities to that of 
H2Pc, with the spectrum becoming congested at around 1600 cm. This reinforces 
the conclusions drawn for the H 2Pc B region, supporting the evidence for the onset of 
another electronic transition in this region. In contrast to H 2Pc, the 800-1100 cm 
region above the designated 0-0 band has no bands of significant intensity. This 
supports the assignment of he H2Pc peaks in this region as coupling to the B state; 
no equivalent state exists for the metallophthalocyanines to lend intensity to these 
bands which would therefore be expected to be weak or absent. 









H2Pc B band 




ZnPc B band 
/Cm - 1 
Assignment of 
B band 
V4, 130.7  V1, 130 bi g 
V8, 269.6 Vi, 241 V2, 283 b2g 
V18, 590.1 v4 , 600 v3 , 613 aig 
V19, 1501 V4, 1472  
V21, 1661 v5, 1644  
V22, 1714 1721  
1873  
V27, 1970 1940  
V29, 2060 2055  
2303  








Relative wavenumber (cm-1) 
Figure 9-36: Figure showing the linewidths of the H2Pc Q (lower trace = Ca. 2.5 
cm) and B (upper trace = Ca. 4.5 cm) origin bands at FWHM. Point of 
measurement is marked. 
The linewidths of the H2Pc Q and B 0-0 bands are compared in Figure 9-36. Taking 
that of the Q band to be the intrinsic rotational envelope width, it may be assumed 
that the broadening seen for the B band is lifetime broadening. A crude measure of 
the lifetime of this state may thus be obtained by subtracting the Q full width half 
maximum (FWHM) linewidth from the B FWHM linewidth and substituting the 
resultant Am into the equation 52 
Am = (2itcr)' 
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where Am = linewidth in cm', c = speed of light in cms' and t = lifetime of the state 
in s. This gives a lifetime value for the B state of 6.2 ps. The Q state has a much 
higher fluorescence quantum yield than B, consonant with a Q state lifetime on the 
order of ns. It should be expected that the S2 state has a shorter lifetime than that of 
the S1 state given that the density of states and therefore the number of nonradiative 
decay routes increases as the energy of the state with respect to the ground state 
increases. 
9.5.1.4 Chlorine aluminium phihalocyanine 
Chlorine aluminium phthalocyanine has C4v  symmetry, under which the e g transitions 
of ZnPc remain degenerate, and correlate to e symmetry vibrations; see Table 9-29. 
The state symmetries for C1A1Pc become: 
Q = a(n) —e(ir*) = 
B = a,(ir) —*e(ir*) = 
Q' = e(Np) e(n) = 'A1 
Although the Q' terms give rise to four singlet states, F = 'A, + 'A2 + 'B, + '132, only 
the transition to the 'A, state is allowed. Under C4 symmetry, Q and B may be 
coupled by any of the a1, a2,  b,, or b2 symmetry vibrations. Vibrations with e 
symmetry will couple Q and  Q'. 
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Table 9-29: Correlation of C4 and D4h  symmetry 
C4, I 2C4 C2 2cy 2ad  
I 2C4 C2(z) 2a, 2ad D4b 
a1 1 1 1 1 1 alg+a2u 
a2 1 1 1 -1 -1 a2g+alu 
b 1 1 1 1 1 -1 b ig +b2u 
b2 1 1 1 -1 1 b2g +biu 
e 2 0 -2 0 0 eg +eu 
Modes for C1A1Pc (see Table 9-30) are assigned by comparison with ZnPc (see Table 
9-24). This is justified not only by the similarity of energy of the significant 
vibrations but additionally by calculations performed by Rosa et a1 53, showing that 
distorting MgPc from D4h to C4, has very little effect on the metal-macrocycle 
interactions and should not therefore significantly perturb the electronic states from 
which the transitions are made. The low-frequency region is very congested, and it is 
probable that there are many further transitions occurring other than those 
corresponding to the clear fundamentals reported here. 
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Table 9-30: C1A1Pc vibrational assignments. Modes are assigned by comparison 
with ZnPc (see Table 9-24), and by assigning bands as belonging to a particular 
vibrational progression. If there is an equivalent to the ZnPc Y 0-2 band, it is 









V 1 -18.27 a a 1 =X1-0  
V2 16 a a 1 =X0-1  
V3 32.4 a * a 1 =X0-2 v 1 
V4 48.3 a a 1 =X0-3  
V5 58.7 b 1 =Y0-2  
V6 65.2 a a 1 XO-4  
V7 70.7 a2 = 'D' 0-1  
V8 116.5  
V9 125.1  b1 
141 b Vii + Vi  
Vil 164.4 b* b2 v5 
V12 180.5 b V11+V2  
V13 196.5 b V11+V3  
V14 206.3  
V15 229.4 c v16 + v1  
V16 250.5 c b1 v7 
V17 265.9 C V16 + V2  
V18 273.3 e v8 
V9 290.3 d*  
V20 306.4 d V19 + v2 (v9, e) 
V21 323.3 e v10 
V22 331.4  V19+V3 Vii 
V23 343.9  
V24 357.3  
V25 391.4  
V26 487.3  b2 V14 
V27 549.2  b2 V16 
V28 563.4  b1 V17 
V29 590.4 e * a1 V18 
V30 606.7 e v30 + V2  
V31 688.3  at aig 
V32 758.7  b1 big 
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There is an intense progression in a vibrational mode denoted here as X, the nature of 
which is discussed further in section 9.5.2 but which is totally symmetric under C4, 
symmetry. The fundamentals in the spectrum often occur in combination with the 
progression in X, although the most intense band in the progressions is assigned as 
the fundamental. These bands may generally be seen to have an equivalent ZnPc 
band; the other members of the progressions do not occur in the spectra of the 
phthalocyanines other than C1A1Pc because the X vibrational mode is forbidden 
under these symmetries. The v 20 band (306.4 cm') is of similar intensity to v 1 9 at 
(290.3 cm) as illustrated in Figure 9-37. It is of the correct energy to be part of the 
V19 + nX progression (v19 + v2), and also to be the equivalent vibration to the ZnPc v9 
band. If it were simply part of the progression it would be expected to be of a lesser 
intensity, so it is possible that both transitions underlie the same band. 
Polarisation Raman spectra on the equivalent molecule C1GaPc have been taken by 
Jennings et a! 40, and several of the C1A1Pc modes in these LIF spectra have 
equivalents whose assignment is confirmed by the assignment by these workers of 
CIGaPc. These are shown in Table 9-31: no other bands were reported in this region 
by those workers. For progressions c and e, our assignment of v16  and v29 
respectively as the fundamentals is also supported by this data. 
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Assignment ClGaPc equivalent 
/cm- 1 
C1GaPc assignment 
V6 (250.5) b1 245 Not a1 
V29 (590.4) a1 592 a 1 
V31 (688.3) a1 698 a1 
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Figure 9-37: x-axis expansion of C1AIPc fluorescence excitation spectrum 
9.5.1.5 Magnesium phthalocyanine and water complexes 
As with the other phthalocyanines the MgPc modes have been assigned via 
comparison with the ZnPc spectrum (see Table 9-24). The MgPc-H 20 bands have 
been assigned separately (see Table 9-33). MgPc has the same symmetry as ZnPc, so 







Although the reproducibility of the MgPc spectra was not as good as the other 
phthalocyanines, nevertheless reproducible bands may be noted. If there is an 
equivalent to the ZnPc Y 0-2 band at 50.5 cm', it is lost under the water cluster 
origin bands (see Figure 9-29 and Table 9-33). 
Table 9-32: MgPc vibrational assignments. Modes are assigned by comparison 




1 wj 0-0 band 
Assignment Equivalent 
 ZnPc mode 
V3 25.9 a2X0-2 v 1 
V7 92 eg ZO-2 V3 
V9 131.1 big V4 
Viø 171.4 b2g V5 
Vii 179.5 eg = G 0-2 (H2Pc v7) 
V12 197.8  
V13 221 ai g V6 
V14 245.3 big 
V5 262.3 b2g V8 
V6 292.5 eg V9 
V17 333.2 eg V10 
V18 397.6  (H2Pcv 14) 
V19 427.2 eg V12 
V20 447.8 eg V13 
V21 470.6 b2g V14 
V22 578.8 big V17 
V23 594.8 aig V18 
V24 624.6  
V25 676 ai g ai g 
V26 702.1  
V27 760.6 bi g bi g 
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The bands in Table 9-33 are equivalent to several bands in the C1A1Pc spectrum, as 
the geometry of the MgPc-H20 complex with its axial water ligand is similar to that 
of the C1A1Pc molecule with its axial chlorine ligand. Although the energies do not 
match exactly, they are nevertheless very similar and very close to the values for 
equivalent H2Pc-H20 modes seen by Menapace and Bernstein 35 . The symmetry of the 
MgPc-H20 complex is thus lowered from DO (for MgPc) to C4, and similar 
vibrational modes to C1A1Pc become allowed and apparent in the spectrum. The 
difference between the two designated MgPc-(H20)2 peaks is very similar to a mode 
present for MgPcH20*,  supporting the assignment of these bands as arising due to a 
water species. 
Table 9-33: Assignments of MgPc-H20 modes. Modes designated * are a distinct 
series of bands from the unmarked mode. 
Species Band value/cm' wrt Band value/cm' wrt Assignment 
MgPc 0-0 band appropriate MgPc- 
________  H20 0-0 band  
W2 8 0 
22.2 14.2 a1 = X 0-1 
W 47.2 0 
73.4 26.2 a 1 = X 0-2 
W 495 0 
63.1 13.6 a1=X0-1 
87.6 38.1 eZO-1 
105.3 55.8 b,=Y0-2 
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9.5.1.6 Summary of correlation data 
The following tables contain summary data on the correlation of the different 
phthalocyanine symmetries here investigated (Table 9-34), the term symbols of the 
different electronic states for each phthalocyanine (Table 9-35), the vibrations which 
may couple these states (Table 9-36), and finally the transition energies with respect 
to the S1—S0 transition (Table 9-37). Although no data are available for the energy of 
the B transition for C1A1Pc, the vapour phase absorption B band of C12 SnPc has been 
measured and been found to be ca. 1 65OOcm above the Q transition 38 . It is therefore 
reasonable to assume that the CIA1Pc B transition energy will be of the same order of 
magnitude as that of the two found so far. 
Table 9-34: Correlation of D4h, D2h and C4 symmetries 
C4.. D4h D2h 
ai aig a 
a2 a2g bi g 
b1 big 
b2 b2g bi g 
e eg b2g +b3g 
a2 a lu a 
a 1 a2U 
b2 bl u a 
b1 b2u b1 
e eu b2+b3 
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Table 9-35: Term symbols for electronic states and their correlation under 
different symmetries 
State D4h D2h C4 
S0 I 'A ig 1 Ag 'A 1 S, (Q) 'E 'B3 (x) + 'B2 (y) 'E 
S2 (B) 'E 'B2 (x) + 'B3 (y) 'E 
Q' 'A 'B, 'A, 
Table 9-36: Symmetries of vibrations which will allow coupling between 
different electronic transitions. 
Molecular 
Symmetry 
QIB coupling Q ,,/Q y and BIB 
 coupling (D2h only) 
Q/Q' coupling 
(=Q 1IQ' for D2h) 
DO ai g, a2g, big, b2g - eq 
D2h 
__________ 
QfB Qy/Bx ag, 
Q/B Q/B b, 
big b2g 
C4, a,,a2,b,,b2 	I - e 
Table 9-37: Approximate energies of electronic transitions wrt S0—*S 1 (QIQ) 
transition! cm-1 . The values for the Q' energies are those seen by Huang et a1 32 
in a Shpol'skii matrix. 
Molecule Q Q,, (D2h  
only) 




ZnPc=D4h 0 - 1600 14200 - 15800 
H2PCD2h 0 1800 1600 15200 16000 Not seen 
C1A1Pc = C4, 0 - 900 Not seen - Not seen 
MgPc = D4h 0 - 1600 Not seen - Not seen 
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9.5.2 Low-frequency vibrations and planarity in the phthalocyanines 
The phthalocyanines are unusual molecules in that so much of the S 1 —S0 oscillator 
strength resides in the 0-0 transition. According to the Franck-Condon principle, this 
implies a remarkable congruence of the ground and first excited state potential 
energy surfaces. There are few allowed, intense, vibronic transitions in the spectrum, 
and hence the weak vibronic structure induced by Herzberg-Teller coupling may be 
seen in the spectrum. The spectrum of the lower symmetry C4, phthalocyanine 
C1A1Pc shows a marked difference to the others. In this case, there is an extended 
Franck-Condon envelope of low-frequency bands, implying a change in the potential 
energy surface upon excitation. For MgPc-H20, with its similar geometry, a similar 
result may be expected, but not enough bands may be definitely assigned as MgPc-
H20 in order to properly evaluate the extent of the Franck-Condon envelope in this 
case. However, for MgPc-H20, the similarity of the low-frequency modes allowed in 
the spectrum to those observed for C1A1Pc confirm its gas-phase structure to be 
approximately C4. 
Even though the Franck-Condon envelope of transitions is normally very small, there 
are one or two vibrations present in this very low frequency region in all the 
phthalocyanines. In C1AIPc the fairly intense ca. 16 cm -1 vibration on which a 
progression is based is not seen in the Dh symmetry phthalocyanines, although an 
analogous band for similarly C4v  MgPc-H20 may be seen at ca. 14cm 1 . It may 
therefore be assigned as a mode which is symmetry-forbidden in the other 
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phthalocyanines, and, since very low-frequency modes for the phthalocyanines are 
generally out-of-plane modes 34'35 '46' 54 , this mode may be assigned as an out of plane 
mode. It is denoted by X (= 16 cm') in the assignment table for C1A1Pc (see 
Table 9-30) and additionally for MgPc-H20 (= 13.6 cm'). Although the fundamental 
is symmetry-forbidden for the other phthalocyanines, the ,v = 2 overtone at Ca. 30 
cm (31.3 for H2Pc , 32.4 for C1A1Pc, 33.1 for ZnPc and 25.9 for MgPc) is 
symmetry-allowed and may be observed in their spectra. 
Fully allowed modes for CLA1Pc are a1 symmetry. Under DO symmetry these 
correlate to, firstly, aig  modes which are allowed and are in-plane. Secondly, they 
also correspond to forbidden a2 modes which are out-of-plane (see Table 9-29). 
Similarly under D2h  symmetry the correlation is to a g allowed in-plane modes and b1 
forbidden out-of-plane modes. Since mode X is forbidden under Dh symmetry, the 
mode must be out of plane and equivalent to a2 under D4h  and b1 under D2h. 
It should be noted that in the C1A1Pc spectrum the highest-intensity band is assigned 
as the S 1 +--S O 0-0 transition rather than the lowest energy band. The latter band is 
instead assigned as a hot band as the relative intensity of the band varies with jet 
expansion (cooling) conditions. Additionally, the sequence bands clearly present, 
broadening all bands in the spectrum, indicate the thermal population of several 
quanta of a low frequency mode in the ground state. The similarity in displacement 
from the 0-0 band of the hot band and the first vibronic band imply that the hot band 
is the ground state equivalent of mode X, although it is sufficiently different (18 cm' 
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compared to 16 cm) to be consistent with assignment as a ground state vibration 
rather than a member of the excited state progression. This hot band (X 1-0) will be 
symmetry-forbidden for the other phthalocyanines for the same reason that the 
equivalent 0-1 band is forbidden, and hence it is not seen in these spectra. The 
assignment of the most intense band as the 0-0 band is supported by the close match 
of the wavenumber of C1A1Pc fundamentals with ZnPc equivalents. 
A normal coordinate analysis of the low-frequency out-of-plane modes of H 2Pc by 
Menapace and Bernstein 35 predicted nine modes, five of which had symmetry-
allowed overtones observed to be less than or equal to 100 cm'. The lowest two of 
these were b1 and involved the movement of the pyrrole groups; see Figure 9-38. 
They denoted the lowest mode as mode A and it was calculated (as half of the 
overtone value) to be 14.8 cm -1 . This involved tilting of opposing pairs of pyrrole 
groups around the carbon atoms which form part of the ring. From the perspective of 
Figure 9-38, one pair would tilt into the paper and the other pair out, forming a 
'saddle' shape. (This saddle shape has been observed in the ground state for the 
doubly ligated K2Pc(diglyme)22 dianion23 and is therefore a feasible shape for the 
macrocycle to assume.) The second lowest energy mode, calculated at 24.5 cm 1 , was 
denoted B and involved the tilting of pyrrole groups at the same points but in the 
same direction at once, forming a crude 'bowl' shape. These were not observed in the 
spectrum of H2Pc by Menapace et al, but the symmetry-allowed overtones were, at 
values of 31.2 and 51.8 cm. The overtone of mode D (a u symmetry) was observed at 
71.4 cm-1 and involved tilting of the pyrrole groups about the pyrrole N-metal axis. 
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Modes F and H (b2 g and b3g symmetry, overtones seen at one of 85.4 and 100.6 cm') 
involve both types of movement. Note that H2Pc b2g/3g  mode pairs such as this are 
degenerate eg vibrations under the 4-fold symmetry of the other phthalocyanines and 
in these cases one would expect to see only one band. 
 
A,B 
Figure 9-38: Modes A and B involve tilting of the pyrrole groups 35  about the 
axis shown passing through the carbon atoms marked with *• Mode D involves 
rotation of the pyrrole groups about the other axis, and modes E and F both 
types of movement 
Under C4, symmetry, mode B is totally symmetric (at), but mode A is not (bi). Hence 
the intense band for mode X, the band assigned by Menapace and Bernstein as the A 
band, arises from the C4-allowed  bowl mode while the higher energy mode is the 
saddle mode. Mode X 0-1 is also seen for the similarly C4, MgPc-H20 (13.6 cm'). 
The two assigned MgPc-(H20)2 bands are separated by at 14.2 cm'. This value is 
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very similar to the MgPc-H20 X 0-1 value and supports the conclusion that the bands 
are due to a MgPc-water species, and further that the species has nonpianar geometry. 
The higher-energy mode is denoted here by Y. The fundamental is forbidden under 
all phthalocyanine symmetries investigated here and is not observed for any species. 
Its overtone at ca. 50 cm is absent or very weak in the H 2Pc spectra presented here 
but observable in that of ZnPc, C1A1Pc, hot MgPc and MgPc-H20. If it is present in 
the cold-MgPc spectrum it is lost under the MgPc-H20 bands. 
The modes designated as Z and Z' in Table 9-26 for H2Pc - v2 at (85.7 cm') and v4 
at (100.1 cm') - correspond to the F and H b2g/b3g  modes. Of the two, v4 = Z' is 
generally the more intense and is assigned here as b2g  (the fundamental is of correct 
symmetry to gain intensity via vibronic coupling and would be likely to have more 
allowed character than the b3 g mode), with v2 = Z and the corresponding b3 g mode. 
Hence Z' corresponds with mode F of Menapace et al and Z with mode H. 
The assignment of v4 as having b2g  symmetry by comparison with the ZnPc 
assignment is thus supported via comparison with the calculations of Menapace et al. 
The H2Pc Z and Z' 0-0 b2g/b3g  transitions correspond to the MgPc e g transition v 7 at 
92.0 cm-1 and again supports its previous symmetry assignment by comparison with 
ZnPc. The similarity of the vibronic structure of all these spectra, when symmetry is 
taken into account, shows that the electronic states are extremely similar; see Table 
9-38 and Table 9-39. 
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We observe no evidence for the a fifth mode D, whose overtone Menapace et al 
observed at 71.4 cm-1 , in the H2Pc spectrum, although a band at 70.7 in the congested 
low-frequency region of C1A1Pc may correspond to this mode. Under the C 4 , 
symmetry of C1A1Pc this corresponds to a2 symmetry, which is of the correct 
symmetry to gain intensity via vibronic coupling to the B state. 
Table 9-38: Low-frequency modes of the phthalocyanines. It should be noted 
that the bands assigned by Menapace and Bernstein as modes A and B have 
here been assigned as B (X) and A (Y) respectively. Fundamental values 
calculated by Menapace et al = 1/2 observed overtone values 
Mode Fundamental 
value for H2Pc35 
Symmetry 
D2h 	 DO 	C4, 
X 15.6(B) b1 a2u a 
Y 25.9(A) b1 b2u b1 
D 35.7 au al u a2 
Z 42.7 (H) b3g eg 
b2g  
e 
Z' 50.3 (F) 
The four remaining modes calculated were C (b1), E (a n), and the b23g pair G and J, 
of which the overtones were observed by Menapace et a! at 141.7 cm', 163.7 cm' 
and 176/203.1 cm* Of these, the only peak we observed in the H2Pc spectrum was 
an equivalent to the 176 cm - 1 peak, v 7 at 176.4 cm 1 , with an equivalent v 11 at 179.5 
cm-1 for MgPc. In H2Pc this is therefore assigned as the b2g  mode G, and hence the 
other member of the pair, J, has b3 g symmetry. The MgPc equivalent of this pair is 
degenerate and has e g symmetry. 
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Table 9-39: Comparative data for the low-frequency modes calculated by 
Menapace et al visible in the S1*-S0 spectra of the phthalocyanines. The first 
column of data is that observed by Menapace and Bernstein. 














X1-0 -18.27  
X0-1  16  13.6 14.2 
X0-2 131.2 33.1 31.3 32.4 25.9  26.2  
Z0-1 38.1  
X 0-3 48.3  54.5  
Y 0-2 51.8 50.5 58.7  58.6 55.8  
X0-4 65.2  67.7  




 92* 102.8  Z' 0-2 100.6 100.1* 
J 0-2 176.0  176.4  179.5 179.5  
* = previous symmetry assignment confirmed by assigning as X, Y or Z mode. 
The presence of the X 0-2 transition in the 4-coordinate, planar, Dh phthalocyanines 
indicates that they undergo some planarity change upon excitation, distorting the 
geometry slightly and increasing the size of the Franck-Condon envelope. However, 
this mode is much more intense, compared to the 0-0 band, for C1A1Pc - about twice 
as intense as for the other phthalocyanines - and although the X 0-4 mode should be 
symmetry-allowed for them, there is no evidence of it in their spectra. In C1A1Pc, 
however, the X 0-4 band is present, indicating the greater geometry change upon 
excitation for this molecule. 5-coordinate phthalocyanines are well known to be, in 
general, nonplanar in the ground state with the pyrrole groups tilted away from the 
ligand. Additionally, the metal is generally displaced out of the porphyrin ring away 
from the direction in which the pyrrole groups are bending (see 
Figure 9-39). There are X-ray data for MgPc-H 20.2C5H5N (monohydrated 
dipyridinated magnesium phthalocyanine complex) 55 , the central porphyrin ring in 
deoxyhmoglobin' 3 , as well as methoxy-iron(III) mesoprophyrin LX dimethyl ester 
(MeOFe-Meso), chlorohemin and vanadyldeoxophylloerythroetioporphyrin, all of 
which 5-coordinate compounds have been determined to be nonplanar 55, and finally 
ZnPc and MgPc compounds in solution form 5-coordinate thermodynamically-
favoured Pc-solvent complexes which are also nonplanar 56 . It may be concluded, 
therefore, that C1A1Pc is also nonplanar in this fashion in the ground state. The 
distortion is very similar to the form of mode X and may account for the fact that 
C1ALPc is subject to a greater geometry change with respect to this coordinate upon 





Figure 9-39: Diagrammatic representation of the geometry of MgPc-H20. The 
MgPc is out of the average phthalocyanine plane, and the pyrrole groups are 
bent away from the central metal atom. All angles are exaggerated. 
The planarity (or otherwise) of the phthalocyanines in vibrationless states appears to 
be governed simply by the coordination number of the compound and the need to 
have the optimum bonding with all substituents. The optimum bonding with one 
axial ligand involves the metal being accessible to this ligand. However, there will be 
repulsion between the axial ligand and the ring, forcing the ring away. In order to 
optimise the bonding overlap between the ring and the metal, the ring 'domes', 
pointing the pyrrole nitrogens towards the metal. The macrocycle is easily able to 
accommodate a distortion in planarity, hence the nonpianar geometry demonstrated 
by the 5-coordinate phthalocyanines. 
The optimum geometry of 6-coordinate complexes is octahedral; for the 
phthalocyanines as for the porphyrins (see section 9.2.1) this means that the 
macrocycle is planar and the two other ligands are opposing axially. In order for the 
second axial ligand to bond, the interaction energy = energy for 5-coordinate 
complex to become planar at the macrocycle (positive) + energy released upon 
bonding by final ligand (negative). The overall interaction energy for the second 
ligand to attach is therefore substantially less than for the first. 
The appearance of the spectrum is affected by alterations in the geometry, 
coordination number, and type of coordinating ligand. The alteration of planarity 
from four-coordinate (planar) to five-coordinate (nonplanar) with the addition of an 
axial ligand may clearly be seen comparing C1A1Pc with bare phthalocyanines and 
MgPc-H20 with MgPc. It may also be seen that the perturbation of the electronic 
excitation energy when going from MgPc to MgPc-H20 is very small, as the S1—S 
0-0 bands are separated by only about 50 cm -1 . Since both four- and six-coordinate 
complexes have a planar porphyrin ring 56,  the change from planar, 4-coordinate 
compounds to nonpianar, 5-coordinate compounds with the addition of the axial 
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ligand models the geometry change seen upon deoxygenation of the central porphyrin 
ring in the hmoglobin protein as it moves between the oxygenated (planar, six-
coordinate) T form and the deoxygenated (nonpianar, five-coordinate) R form. 
9.5.2.1 Hole size: dependence of excitation energy on the coordinated metal 
It is easily seen that the planarity of the phthalocyanine ring system, since it is so 
easily distorted, does not arise from any great intrinsic rigidity of the system. This 
concurs with the investigation of K2Pc-ether complexes by Ziolo et a1 23 , who also 
noted the criticality of the central 'hole' size (defined as the average of the distance 
from the centre of the hole to the pyrrole N atoms) in determining the difference in 
degree of distortion from planarity between the metallophthalocyanines and the 
porphyrin analogues in that the phthalocyanines tend to be more planar. Rosa and 
Baerends note that with the smaller central hole size of the phthalocyanines with 
respect to the porphyrins (and therefore greater opportunity for bonding orbital 
overlap) the bonding of the metal and the macrocycle may be enhanced 53 , although 
the nature of the metal-macrocycle interaction should not be substantially altered. 
The relative size of the metal compared to the macrocycle hole is thus of importance 
in determining the degree of bonding between the metal and the macrocycle and 
hence the stabilisation of the ring. This in turn will affect the energy levels and the 
energy of the electronic transitions. 
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In order to discuss these effects, an inspection of the trend in the S1+--So data 
presented in Table 9-41 is necessary. However, a consideration of the band energy for 
H2Pc is necessary for a true comparison. Unlike the other phthalocyanines 
investigated here which have 4-fold symmetry and for which the Q transition is 
degenerate, for H 2Pc the transition is no longer degenerate but is split into Q at 
15132.5 cm-1 and Q ,  Ca. 800 cm' above this (as discussed in section 9.5.1). 
Assuming the case for free base porphyrin, where the bands are displaced equally 
around the centre, to hold for phthalocyanine, the original H2Pc 'Si' level is at a point 
in between SIX and S1,. The comparative H2Pc 'Q' transition is therefore at Ca. 15500 
cm1 and the trend in S—S0 excitation energy is then C1A1Pc < HPc <MgPc < 
MgPc-H20 <ZnPc. 
There are three effects determining the macrocycle-metal interaction, as shown in 
Table 9-40. The first is the electrostatic interaction between the (2 k , positively 
charged) metal and the (2, negatively charged) macrocycle, and the second is the 
steric repulsion 53 . The electrostatic effect is the (negative) bonding energy, the 
magnitude of which decreases with increasing hole size. Repulsion of the two bodies 
(arising from the Pauli exclusion principle), a positive energy term, also decreases 
with increasing hole size as the electrons are no longer constrained to be in a smaller 
volume. Initially as the hole size increases the total bonding energy becomes smaller 
(less negative) as the effect of the decreasing electrostatic interaction dominates. 
However, at some point the interaction energy increases again as the Pauli repulsion 
decreases faster than does the electrostatic interaction. The third effect is that of the 
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(negative) orbital interaction energy. As the hole size increases, the orbital overlap 
becomes weaker, offsetting the Pauli effect. Overall, the bonding energy decreases as 
the hole size increases. 
Table 9-40: Ionic radii for central metals/A vs. phthalocyanine hole size. Energy 
values and hole sizes are calculated in Ref. 53 
Central metal Ni2+  CO2+ Cu2+ Mg 2+ 
Ionic radius for coordination number of 4(sc) IA 59 0.44 - 0.57 - 
Ionic radius for coordination number of 6/A 6U 0.69 0.55 0.73 0.72 
Fragment electrostatic interaction energy/eV -29.66 -28.96 -28.40 -24.49 
Fragment Pauli repulsion energy/eV 11.61 11.45 10.10 5.64 
Fragment orbital interaction energy/eV -17.66 -17.00 -13.52 -8.77 
rotal fragment interaction energy/eV -35.71 -34.51 -31.82 -27.63 
-Iole size/A 11.89 11.92 1.93 11.98 
The S1<-S0 transition energy is governed by the relative effect of these interactions 
on the two separate states, illustrated in Figure 9-40: a) shows the same bonding 
energy in both the upper and lower electronic states while b) shows the case when the 
bonding energy is increased in the upper state while the lower state remains static: 
the transition energy decreases compared to a). The same effect would be obtained if 
the bonding energy had decreased in the lower state and the upper remained static. In 
c) the bonding energy is now greater in the lower state and the transition energy 
increases. The same effect would be obtained if the bonding energy had decreased in 
the upper state and the lower remained static. Since, if the transition energy alters, 
there are always two possibilities (plus the possibility of a combination of both 
cases), for comparative purposes the minimum of the lower state is conventionally 
regarded as being static. Therefore b) would be described as the excited state being 
stabilised with respect to the ground state, whereas c) would be described as the 
excited state being destabilised. 
The S1<-S0 energies are not very different for the various metallophthalocyanines 
studied here either from H2Pc or from each other. Hence the metal-macrocycle 
interactions are similar in each case and the energy levels are not greatly perturbed by 
substitution of the two central hydrogens in H2Pc by the central metal atom. This 
result is in accordance for the prediction of Fischer and Weiss 57  who calculated that 
the effect on the S1—S0 transition for metallo-porphyrins of changing the central 
metal atom would be small. However, they did note a marked effect on the T1+-S0 
energy, and also noted that for the metallo-porphyrins the hole size of the porphyrin 
correlated directly with the ionic radius of the central metal atom. Experimental 
results confirmed this, with the triplet states of the various porphyrins decreasing 
with hole size by ca. 3000 cm' for a change in hole size from 0.9 to 0.6 A, while the 
singlet energies remained much the same. Calculations by Lee et al, varying the hole 
size of tetrabenzoporphyrin 58, show that for the neutral singlet transition, energies 
should increase slightly with hole size; by ca. 500 cm' (from calculated energies of 




a) 	 b) 	 c) 
Normal coordinate 
Figure 9-40: Effect of changing the bonding energy. a) shows the same bonding 
energy in both the upper and lower electronic states. b) shows the case when the 
bonding energy is increased in the upper state while the lower state remains 
static: the transition energy decreases compared to a). In c) the bonding energy 
is now greater in the lower state and the transition energy increases. 
This prediction is confirmed for the various phthalocyanines investigated here; the 
trend in energies follows that for the hole size/ionic radius, as shown in Table 9-41. 
The ionic radii presented in this table are either given for the appropriate structure 59 
or assumed by the authors to be structure-independent (except for coordination 
number)60 . The large sizes of the Li and Na ionic radii support the possibility of 
these metal atoms not lying in the macrocycle plane. The trend in the LIF S1—S0 
transition energies is the same as seen in the vapour absorption spectra (see Table 9-4 
and Table 9-6) where the molecules, as here under jet conditions, are essentially 
isolated from other molecules. However, the trend in excitation energy observed in 
the isolated molecules differs from that previously observed in Shpol'skii matrices, 
therefore even though the matrices have been chosen to be noninterfering, they have 
a significant effect on the electronic structure. In general, H2Pc is the most perturbed, 
presumably because the fully covalent molecule will interact with the environment in 
a different way to the partially ionic metallophthalocyanines. 
The observed trend indicates that the excited state is destabilised relative to the 
ground state with increasing hole size. Therefore, while the bonding interaction 
energy decreases as hole size increases, the excited state is affected to a greater 
degree than the ground state. It is likely that in the excited state the Pauli terms are 
greater due to the occupation of a greater volume by the two highest-energy ring it 
electrons, and also that the orbital interaction term is now less favourable due to the 
promoted electron being in an antibonding orbital. A notable difference between the 
ground and first excited states is that the ground state electron wavefunction has 
nodes in the inner ring at the nitrogens, and in the excited state the nitrogens gain 
electron density which would have a destabilising effect on the macrocycle-central 
metal atom Pauli interaction, although the electrostatic interaction term would be 
more favourable. The macrocyclic inner ring it-system is dominantly responsible for 
the visible absorption (to the Q state) 8 . (This is also true for transition to the B state, 
although higher-energy transitions involve absorption by the benzene rings, which 
eventually dominate after ca. 50 000 cm.) Since the ring geometry is essentially 
'fixed' and is much the same in both S1 and S0, as demonstrated by the small Franck-
Condon envelope for the S1—So transition, the ring cannot easily alter geometry to 
optimise the energy of S1. The effect may be more pronounced as the hole size 
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increases due to the central metal atom size increasing. This could put strain on the 
macrocycle carbon skeleton, decreasing its flexibility. 
Table 9-41: Ionic radii 59 '60 for central metals/A vs. phthalocyanine hole size and 
S1+-S0 transition energy. The ionic radius of hydrogen is negligible. 
A134 2H Mg24 Mg2 -H20 Zn2 Li Na 
Ionic radius for 0.39 - 0.49 - 0.60 0.59 0.99 
coordination 
number of 4/A  
Ionic radius for 0.48 - - - 0.68 - 1.00 
coordination 
number of 5/A  
Ionic radius for 0.54 - 0.72 - 0.74 0.76 1.02 
coordination 
number of 6/A  
Hole size - l.91a, 198b 1.978c, 1 98d - 
1.95 a' 1995b' 2.04c' 
S 1 +-S0 transition 15373 15530 15615 15663 15766 - - 
energy/ cm-1  
H2Pc = X-ra? ' , X-ray6 ' 
MgPc = calculation 53 . b': calculation 62 
C: MgPc-H20.2C5H5N = X-ray . C': calculation for C4, MgPc 53 
d: X-ray 63 . d': ZnPc = Electron diffraction 64 
Although the same lowering of symmetry from 4-fold to 2-fold should take place for 
MgPc to MgPc-H20 as for the four-coordinate metallophthalocyanines to H2Pc, the 
splitting of the S1—S0 electronic transition for MgPc is only of Ca. 3 cm -1 and may be 
ignored. It is presumably so small because the MgPc-water interaction is a weak van 
der Waals effect 35  and thus the states are not much perturbed. This is in line with the 
findings of Ough et a1 27 who describe Mg as being a 'hard' metal and therefore 
relatively unaffected by the presence of a ligand. Indeed, the initial addition of the 
ligand only gives rise to a shift of Ca. 50 cm from the bare molecule. The hydrogens 
on the water molecule have negligible further effect on the spectrum, as would be 
expected due to their small size and nuclear charge, and MgPc-H20 may be regarded 
as essentially having the C4 point group and fourfold symmetry. In contrast, the 
binding of the hydrogens in H2Pc gives rise to a marked effect in the type of bonding 
(from Ca. 50:50 ionic:covalent in the metallophthalocyanines 53 to fully covalent) and 
the geometry of the molecule (from DA to D2h),  hence the marked splitting of the Q 
transition. 
The calculations of Rosa et a! 53 give results somewhat larger than those of 
experiment; they calculate the hole size of C4v  MgPc to be 2.04 whereas the X-ray 
crystallography result for C4v M g  2+  (in MgPc-H20.2C 5H5N) is 1.978A. However, the 
qualitative result they find is that in the absence of other factors, changing the 
geometry of MgPc from D4h  to C4 results in an increase in hole size may explain the 
increase in S 1 4—S 0 energy seen for MgPc-H 20 compared to MgPc as the hole size 
under this regime could be larger than that for MgPc. This is supported by X-ray data 
for ZnPc63 (4-coordinate) and {n-hexyl ZnPc} 65 (5-coordinate), where the hole size 
for the 4-coordinate complex, at 1.980 A, is 0.025 A (2.5 pm) smaller than the 5-
coordinate complex hole size of 2.005 A. These data for ZnPc are consistent with the 
hole size/ionic radius trend as the ionic radii for zinc given by Shannon et a1 6° are 
0.60 A for 4-coordinate ZnPc and 0.68 A for 5-coordinate ZnPc. The geometry of the 
{n-hexyl ZnPc}complex found by Kobayashi et a1 65 is consistent with that proposed 
for CIA1Pc. Our results also suggest that the listed hole sizes calculated by Rosa et 
a1 53 may not always be qualitatively correct, as they do not always increase with 
increasing central metal ionic radius. 
The ionic radius of Shannon et a1 60 given for 5-coordinate Al is, like the others listed 
here, in a crystalline oxide; however, since the C1A1Pc has a chloride ligand the 
fluoride value in the paper may be more accurate. In this case the ionic radius of 5-
coordinate A13 is 0.62A. In either case, however, the ionic radius and presumably 
therefore also the hole size of this compound is smaller than those of the other 
phthalocyanines, and so it also fits in the ionic radius/S1<-SO energy trend. 
C1A1Pc is the only phthalocyanine in which the S1 state is stabilised relative to the S0 
compared to H2Pc; for all the other phthalocyanines the opposite is true. It may be 
that there is a critical limit for the hole size of the phthalocyanine, beneath which the 
increasing charge and orbital interactions overcome the steric strain, stabilising the 
excited state relative to the ground state more than is the case for the unsubstituted 
phthalocyanine, H2Pc, and that C1A1Pc fulfils these conditions. An increased metal-
macrocycle interaction in the excited state leading to movement of the Al atom 
towards the macrocycle would explain why the geometrical distortion upon 
excitation appears to be greater for CIA1Pc, leading to the vibrational progressions 
apparent in its spectrum. For porphyrins, the effect of an electron-donating axial 
ligand destabilises orbitals with electron density on the pyrrole nitrogens' 7 . The 
phthalocyanines have more electron density on the pyrrole nitrogens in the excited 
state than in the ground state; analogising from the case for the porphyrins, this 
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would blueshift the C1A1Pc transition. Blueshifting upon increasing the electron 
density may clearly be seen upon the axial ligation of H20 via the oxygen atom to 
MgPc. 
However, in C1A1Pc the charged fragments are A1 3 Pc2 and Cl- (compared to 
M2 Pc2 for the other metallophthalocyanines). The donation of an electron by the 
axial ligand in C1A1Pc serves merely to bring the charge density at the central metal 
atom down to close to that of the other metallophthalocyanines. It is unlikely that the 
electron is fully located on the metal and hence in effect the aluminium may in fact 
be slightly electron-poor compared to the other metallophthalocyanines, with the 
excited state stabilised thereby, accounting for some of the observed redshifting. 
Our results for the geometry of C1A1Pc support the position that the five-coordinate 
magnesium atom in chlorophyll-(solvent) should be square pyramidal. The 
appearance of species with different coordination number are different both in 
appearance and in S1—S0 transition wavelength. Further investigation of five and 
six-ligated complexes may shed some light on the position of a sixth ligand in 
chlorophyll. Firstly, an investigation of square planar and octahedral counterparts 
would reveal whether an octahedrally bonded complex is intrinsically redshifted. 
This would not be expected to be the case, as six-coordinate metal species have 
larger ionic radii than five-coordinate species. Given the ionic radius/transition 
energy trend observed for the phthalocyanines, the S1—S0 transition for the six- 
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coordinate octahedral complex should be blueshifted compared to the 5-coordinate 
species. 
The formation of six-coordinate bacteriochlorophyll from five-coordinate is expected 
to lead to an increase in porphyrin hole size 66 . The observed redshifting upon 
changing the coordination number of chlorophyll from five to six would therefore be 
expected to have another cause than the complexation of the second water molecule 
to form the octahedral complex. Where such redshifting is observed, two possibilities 
for the cause arise; firstly, some ligands may bind to sites other than the magnesium 
atom. For water and alcoholic solvents, the alternative was for the second water 
molecule to bind to both a ring keto group which was part of the ring it-system and to 
the first water molecule. The ligation may serve to further extend the it-system and/or 
to reduce the availability of electron density donated by the first water molecule 
(coordinated to the metal via the electron-donating oxygen atom) to the central 
magnesium atom as the two water molecules form H-bonds to each other. If this 
should happen the destabilising effect of the electron-donating axial ligand would be 
reduced. In either case redshifting would be a reasonable result. Secondly, for both 
ligation positions (to the central metal and to the ring/first ligand), the effect of 
solvent must be taken into account; the spectrum of chlorophyll is very sensitive to 
solvent environment ' 6 . A change in coordination number of the central metal atom 
would also change the immediate solvent environment. Investigation of models of 
species, with ligands known to coordinate only octahedrally, in the isolated 
environment of the supersonic jet, should separate the effect of increasing the 
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coordination number (which we would expect to blueshift the S1—S0 transition) from 
changing the solvent environment of the central metal atom. Simple ligation to the 
macrocycle would be expected to redshift the transition. 
Strong bands thought to be due to MgPc-(H 20) are often present in the spectrum of 
MgPc. If the bands observed in the MgPc spectrum at ca. 8 cm -1 and 22 cm-1 are 
indeed due to MgPc-(H 20)2 , they are redshifted compared to the MgPc-H 20 bands 
This would indicate that the second water molecule was binding to the first, rather 
than axially to the metal to create an octahedrally coordinated complex. This 
conclusion is supported by the similarity of a MgPc-(H 20)2 band value to that of the 
nonplanar X 0-1 mode; this mode would be forbidden under octahedral symmetry. 
Similarly, the redshifting of the chlorophyll-water complex upon ligation by a second 




Clear and reproducible spectra, characteristic of vibrationally cold molecules, have 
been obtained for H2Pc, C1A1Pc and ZnPc, demonstrating the ability of LD-SJLIF to 
desorb without degradation of the sample molecules and to cool even large molecules 
to a reasonable degree after entrainment into the jet. The Mg-Pc spectra were not as 
reproducible for reasons intrinsic to the compound used rather than any failure of the 
experimental technique, although reproducible results have still been obtained in this 
case. Neither Li2Pc nor Na2Pc were observed, although for different reasons. Na2Pc 
desorbed so easily that no controlled experiment was possible, while it is thought that 
Li2Pc may undergo demetallation under the desorption conditions used here. The 
quality of the spectra obtained for these large and complex molecules demonstrates 
the validity and advantages of the technique of LD-SJLIF. 
The existence of the theoretical Q' state in the phthalocyanines has been supported by 
the results obtained here. This is a l(n7r*)  state ca. 1600 cm' above the S,+-S0 Q 
state. The Franck-Condon envelope for the ir-it S1+-S0 and S2-S0 transitions is 
very small, with most of the oscillator strength residing in the 0-0 transitions. The 
weak vibronic bands seen in the spectra of the phthalocyanines must therefore gain 
intensity via vibronic coupling. In all the bare-molecule phthalocyanine spectra 
observed, vibronic transitions are seen that cannot be accounted for by vibronic 
coupling between the Q state and the S2+-SO  B state alone. The remaining bands are 
evidence for the existence of the Q' state. In contrast to the ab initio calculations of 
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Ishikawa et al who predicted that the lowest n7t*  transition was in the B energy 
region67 , the results presented here indicate that the Q' transition is present, is fairly 
close in energy to the Q transition, and that it couples with the Q transition to give 
the remaining weak vibrational structure observed. 
For all the planar phthalocyanines, the very small Franck-Condon envelope for the 
S1+-S0 transition indicates the similarity of the geometry of the ground and first 
excited states. This validates the use of the ground state data for ZnPc being used to 
assign the S1 vibrations. The congruence of the spectra for molecules of the same 
symmetry is very great, indicating the similarity of the electronic states, and the 
similarity of the geometry of these complexes in the ground and first excited 
electronic states. 
The symmetry assignments of several of the low-frequency vibrations is consistent 
with the low-frequency normal-mode analysis of H2Pc by Menapace and Bernstein. 
However, the normal coordinate descriptions of the two lowest-energy vibrational b1 
modes were attributed wrongly by these authors. The characteristic low frequency 
progression observed in the present work has allowed the unequivocal assignment of 
the lowest wavenumber vibrational mode of the phthalocyanines as the ring 'doming' 
mode, designated mode X. 
One or two low-frequency nonpianar vibronic modes are active in the spectra of all 
the phthalocyanines, indicating that these molecules are subject to a slight planarity 
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distortion upon excitation. The nonpianar molecules show increased intensity in the 
nonplanar modes, indicating that they are more susceptible to distortion upon 
excitation. The 0-2 member of the l6cm progression in mode X seen in the 
spectrum of C1A1Pc may also be seen in the spectrum of the planar phthalocyanines. 
However, the 0-1 transition is absent, indicating that this mode is forbidden for the 
planar phthalocyanines. Conversely, its strong intensity in the C1A1Pc spectrum 
indicates that the mode is allowed, permitting the mode to be assigned. Due to these 
effects, the planarity of a molecule may easily be deduced from the appearance of the 
spectrum. The change between planarity and nonplanarity with different coordination 
number models the oxygen transport mechanism in hmoglobin. 
Both the Q and  Q ,  transitions of H2Pc have been observed. The assigning here of the 
electronic transition at 1600 cm in the H2Pc spectrum as Q' means that it is not the 
Q ,  transition as previously thought, which is instead assigned to the electronic 
transition in the region ca. 800 cm' above the Qx origin. Vibronic structure has been 
observed in the region of the S2<—SO  transition for H 2Pc and possibly also for ZnPc. 
The vibrational energies of the H 2Pc S2+-S0 transition (to the 'B' state) with respect 
to the assigned 0-0 band are very similar to the Q state equivalents. This implies two 
things. Firstly, that even in the second excited state the potential energy surface and 
the resultant geometry is much the same as in the ground state. This is not surprising 
given the geometrical constraints of the ring system. Secondly, it supports the 
assigning of the lowest observed band as the 0-0 band for the S2—S0 transition. 
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A trend has been found linking the S1—S0 transition energy of the phthalocyanines 
with the size of the central macrocycle hole, which is dependent on the metal ionic 
radius. The central metal atom lies in the centre of the macrocycle, the hole size 
increasing to accommodate increasing ionic radius, subject to some maximum value 
of hole size where it will become energetically more favourable for the molecule to 
distort such that the metal lies out of the plane of the macrocycle. The ionic radius, 
and hence hole size, increase with coordination number. 
Planarity is also affected by the coordination number; for four- and six-coordinate 
phthalocyanines the ligands favour a planar arrangement (for the six-coordinate 
phthalocyanines the macrocycle is planar and the other ligands are coordinated 
axially to the metal), while five-coordination favours nonplanarity of the macrocycle, 
imposed by the presence of an axial ligand, in order to maximise bonding overlap 
with all ligands. For both planar and nonplanar phthalocyanines, however, the trend 
is for increasing energy of the S14—S0 transition with increasing hole size. 
The observed increase in excitation energy of MgPc-H20, relative to MgPc, is 
consistent with the hole size/excitation energy trend, since the axial binding of the 
H20 ligand is expected to result in an increase in the hole size of the MgPc 
macrocycle. The bands assigned as MgPc-(H20) 2 are at lower S1—S0 excitation 
energy than the MgPc-H20 bands. This implies that the second water molecule is not 
axially ligated but instead bound to the first water molecule, and that the similar 
redsliift observed in solution for chlorophyll (for which MgPc is a model compound), 
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upon ligation by a second water molecule, may well be due to the water molecule 
binding in a non-axial position. 
The trend in excitation energy observed in the isolated molecules differs from that 
previously observed in Shpol'skii matrices, therefore even the 'noninterfering' 
matrices have a significant effect on the electronic structure. This shows the 
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10. Tyrosine and Tyramine 
10.1 Introduction 
The high yields of reactions involving enzymes, despite the lack of what would 
conventionally be regarded as 'good' catalysts (e.g. heavy metals) within the enzyme 
molecules, is a well known phenomenon'. The use of these materials by chemists has 
taken off recently, a phenomenon described as the 'biotechnology industry', in the 
UK and other industrial nations2 . Such techniques are not only being focused on 
small-yield applications but on wider outlets for the products. For example, recent 
work has been done on incorporating enzymes into plastics for industrial use in 
providing high-yield, high-selectivity reactions 3 . One bulk use for the materials 
themselves is as anti-fouling agents; the materials incorporated into the plastic 
coating catalytically convert the fouling agents into harmless products. Thus it is 
vitally important to understand the fundamental properties of these compounds, with 
a view to tailoring them by design rather than by trial and error. 
The conformation of a protein and its activity are intimately linked. Protein 
conformation is dependent upon the primary structure, the linkage sequence of the 
amino acids. The structure of proteins is extremely complex and might be thought to 
be dependent upon the assembly mechanisms, but RNA which has been 'stretched 
out' by breaking the noncovalent bond interactions - and which loses its activity 
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when in this state - will, when removed from the denaturing conditions, 
spontaneously regain its conformation'. 
There are 20 normal amino acids used for all life on Earth, plus a few rarer ones. 
Each amino acid is individually capable of conformational isomerism. Hence if there 
were no other factors, the number of possible configurations when many are bonded 
together would be enormous. However, the peptide bond (see Figure 10-1) between 
two amino acids is always rigid and planar, with the CO and NH groups trans to each 
other, due to the C-N bond having some t character (see Figure 10-2 a and b). This 
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Figure 10-1: Formation of a peptide bond by the joining of two amino acids. 
Two amino acids joined together are known as a dipeptide, three as a tripeptide, 
and so on. 
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HO 	 rH 0 rH 
II 	I 	II i 
N—C —C—N—C —C— N— C —C 
III II I\0 R1 	H 	 H 	HI R4  
C) 
Figure 10-2: a) Rigid peptide bond, b) resonant forms of the peptide bond, and 
c) a tetrapeptide. The four units may clearly be seen. The linear sequence is 
described as the backbone or main chain, and the R groups as side chains. 
Figure 10-2c shows a short polypeptide chain with four amino acid residues; in 
general biological protein molecules are much larger with tens up to thousands of 
residues depending upon the function performed by the chain. The sequences of such 
chains are conventionally described starting with the amino terminal. The nitrogen H 
and the carboxyl 0 of residues which are close either in sequence or within 
3-dimensional space may hydrogen-bond, forming larger hydrogen-bonded structures 
within the protein sequence. In general, there are several recurring types of sequences 
such as helices, pleating, and so on, that fabricate the final 3-dimensional form. It 
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should be noted that although the same form will be assembled in each case, these 
structures are thought to have considerable flexibility. However, it is fair to say that 
the mechanism by which the self-assembly takes place, resulting in only one 
conformation of the protein, is not yet fully understood; it is extremely difficult to 
predict, merely from the amino acid sequence, what the final conformation of a 
protein will be. With this in mind, it was undertaken to investigate the number of 
conformers observable in the supersonic jet spectrum of an amino acid, with a view 
to the future investigation of the effect upon the spectrum of joining two or more 
amino acids together to answer questions such as the following; Is the number of 
conformers significantly altered, and if so, increased or decreased? Is the nature of 
the spectrum of any conformer significantly altered or not?. It would be desirable to 
use the intrinsically fluorescent amino acids as sensitive conformational probes 
within a jet-cooled protein, but first, knowledge is required of the unperturbed 
supersonic jet spectrum of the fluorescent amino acids. 
Three of the common amino acids are aromatic, tyrosine (tyr), tryptophan (trp) and 
phenylalanine (phe), the chromophores of which are based in the low-energy it-
electron ring systems present; their structures are given in Figure 10-3. These are the 
amino acids responsible for the near UV absorption and fluorescence of proteins. The 
fluorescence spectrum of tryptophan and of various derivatives of its chromophore, 
indole, have been well studied both in solution 4 ' 5 and in the jet 6 ' 7 ' 8 ' 9" ° as it is 
responsible for most of the fluorescence observed from proteins. 
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Figure 10-3: The common aromatic amino acids 
In the supersonic jet a number of origin transitions were observed for tryptophan as a 
result of the existence of a number of different conformers. These occur due to the 
flexible main chain which gives rise to several rotational conformers. The 
conformers are spectroscopically distinct as the chromophore is perturbed by the 
rotation of the chain, leading to different transition energies for each conformer. The 
spectra of several tryptophan di- and tn- peptides have been examined in the jet by 
Cable et al l 1 , the only previous study of peptides in these conditions. These workers 
noted the importance of intramolecular hydrogen bonding in the type of fluorescence 
observed from the tripeptides, and upon examination of their spectra a simplification 
in the spectrum in moving from a dipeptide trp-gly to the equivalent tnipeptide, trp-
gly-gly may be seen. 
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10.2 Tyrosine and tyramine 
The symmetry of the aromatic amino acids is fairly low. Treating the substituents as 
point masses, the point group is C2,, and the sole or dominant modes in the spectrum 
are totally symmetric. However, as the size of the para-substituent increases, this 
approximation becomes less realistic and more modes become symmetry-allowed, 
although the symmetric modes should still be more prominent. Hence for a molecule 
with several conformers, even within the environment of a supersonic jet the 
spectrum can be expected to be extremely complex, with multiple overlapping 
spectra. In the case of these molecules, the individual conformer spectra are displaced 
only on the order of tens of cm' relative to each other. 
Excitation spectra of the origin region of both tyrosine and its basic equivalent, 
tyramine, have been investigated previously in the jet, as well as the fluorescence 
excitation spectra of several analogues, for example p-alkylphenols' 2" 3 . The mass-
resolved R2PI spectra of laser-desorbed tyramine and tyrosine was reported by Li et 
a1 14 and these are reproduced in Figure 10-5 and Figure 10-6. The LIF spectrum of 
tyramin& 5 and tyrosine 6 were reported by Martinez et al and are shown in 
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Figure 10-4: Structures of a) tyrosine, b) its basic analogue tyramine, c) glycine 
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Figure 10-5: Laser-desorbed R2PI spectrum of tyramine, by Li et al, reproduced 
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Figure 10-6: Laser-desorbed R2PI spectrum of tyrosine, by Li et at, reproduced 
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Figure 10-7: Fluorescence excitation spectra of tyramine taken by Martinez et 
al, reproduced from reference 15. b) is taken at ca. lOOx the power density of a) 
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Figure 10-8: Fluorescence excitation spectra of tyrosine taken by Martinez et al, 
reproduced from reference 16. b) is taken at Ca. lOOx the power density of a) 
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In the spectra of Li et a! 14, 4 bands were apparent for tyramine and 5 for tyrosine, but 
in each case the bands are not well resolved with a low signal-to-noise ratio and the 
spectra also contain several features which may well be smaller and less clear bands. 
In those of Martinez et a!, 6 intense features were apparent for tyramine, all of which 
were assigned as conformer origin bands". Their tyrosine spectra had about 15 fairly 
intense features, 10 of which were assigned as conformer origins 16 . In order to assign 
bands as separate conformer origins, two techniques are of use. Firstly, different 
origin bands remain at the same intensity relative to one another upon increasing the 
power of the excitation source, while their associated vibronic bands will not 13 
Transitions originating from the same energy level but with different oscillator 
strengths will saturate at different power levels (more probable transitions will 
saturate first and less probable transitions will increase in strength relative to these). 
However, transitions with essentially the same oscillator strength, but starting from 
different energy levels, should saturate at the same rate and therefore have the same 
relative intensity regardless of the power level. This should be the case for any 
conformers present; the energy levels and transition probabilities should essentially 
be the same for all the rotational conformers of a molecule, as their MOs will be only 
very slightly different from each other. Secondly, each origin band, when excited, 
should give essentially the same dispersed fluorescence spectrum' 5 
There are several possibilities for the discrepancy between the spectra produced by 
the two groups. Firstly, the thermal vaporisation of the samples of Martinez et al may 
have been subject to thermal decomposition or reaction; secondly, the desorption of 
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the samples of Li et al may not have been stable and insufficient signal averaging 
used to reveal all of the bands; thirdly laser desorption and thermal vaporisation may 
intrinsically lead to different conformer distributions, and finally the relative 
ionisation efficiencies of the conformers may not be the same as the fluorescence 
quantum yields. In order to resolve the discrepancy in the spectra between the two 
groups and determine whether the difference is due to the different experimental 
techniques or is intrinsic to the compounds, both molecules were investigated here 
(see sections 10.4.1 and 10.4.2). Once the spectrum of the unperturbed tyrosine 
chromophore was known, peptides involving tyrosine could then be investigated and 
some preliminary data on the dipeptide glycyl tyrosine, a molecule which has not 
previously been examined in the jet environment, is also given, in section 10.4.3. 
10.3 Experimental 
Tyrosine and tyramine were obtained from Aldrich and Acros respectively and used 
without further purification. Tyrosine discs were difficult to prepare, being very 
powdery even when pressed at a fairly low pressure (ca. 1-3 tons). The poor quality 
of the discs obtained may well account for the difficulty involved in obtaining the 
spectrum. Tyramine, in contrast, pressed relatively easily (at 10 tons). It was also 
much easier to obtain clear spectra for tyramine. Both molecules were subsequently 
cooled in a supersonic jet formed of helium at a backing pressure of 8 bar. 
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10.4 Results and discussion 
10.4.1 Tyramine 
The LIF excitation spectrum of tyramine is shown in Figure 10-9, and a typical 
conformer 0-0 region spectrum in Figure 10-10. The equivalent R2PI spectrum is 
given in Figure 10-11. The six labelled bands are the conformer origin bands as seen 
by Martinez et al" (see Figure 10-7). Martinez et al assign bands A+B '(gauche), 
D+E (gauche), C+F (anti) as conformer pairs, split by hydroxyl group rotation, of the 
conformers shown in Figure 10-12. The R2PI spectrum presented here shows that the 
smaller number of bands and the poorer signal-to-noise ratio in the laser-desorbed 
R2PI spectra of Li et al is not intrinsic to any problems with laser desorption itself, 
but instead with the experimental technique of Li et al. The band values are given in 
Table 10-1, along with comparative values from Martinez et al. Within experimental 
error, the band values are in good agreement (± 10 cm - 1 , 0.1nm in this energy region). 




































0 50 100 150 200 250 300 350 
Relative waven umber (cm-1) 
Figure 10-9: Total recorded range of Tyramine S 14—S0 spectrum. Upper 
spectrum shows absolute wavenumbers and lower spectrum relative 
wavenumbers of observed transitions. The bands denoted with lower case 
letters are assigned as vibrations associated with origins denoted by the same 
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Figure 10-10: Typical LIF spectrum the 0-0 S 1 &-S0 region of tyramine showing 













Relative wavenumber (CM-1) 
























1) Gauche 2) Gauche 3) Anti 
Figure 10-12: Newman projections of the tyramine conformations proposed by 
Martinez et al' 5. The second of each conformer set is generated by rotation of 
the 0-H group by 1800  about the C-0 bond. 
The spectrum in Figure 10-9 clearly shows two strong vibronic features (labelled d 
and f) ca. 250 cm' to the blue of the conformer origin bands. The separation between 
them (36.6 cm') is similar to that between conformer origins D and F (33 cm'), and 
they can be assigned to a vibronic transition built on these origins; corresponding 
transitions associated with the other conformer origins can also be identified (labelled 
a,b,c and e). 
The power saturation experiments of Martinez et al have been repeated here (see 
Figure 10-13). The main bands may be observed to be essentially constant in 
intensity and the underlying vibronic structure to become more pronounced under 
increased power conditions, confirming their results and the assignments of the six 
main bands as conformer origins. In Figure 10-13, the higher-power trace shows 
more vibrational structure becoming apparent. This may be seen more clearly in 
Figure 10-14, with the high-power spectra showing larger vibronic bands compared 
to Figure 10-10. Figure 10-14 also shows sequence banding of ca. 2 cm -1 to the red of 
the conformer 0-0 bands, a feature not previously observed. 
Table 10-1: Table of band positions for tyramine and a comparison with those 
of Martinez et al' 5. Band A of Martinez et ails at 35467cm 1 . The bands denoted 
with lower case letters are assigned as vibrations associated with origins 
















35455.1 (282.05) 0.0 0 gauche conformer 
origin  
35467.2 (281.95) 12.1 12 gauche conformer 
origin  
35474.6 (281.89) 19.5 19 anti conformer 
origin  
35489.8 34.7  
35507.2 52.1  
35538.3 (281.39) 83.2 84 gauche conformer 
origin  
35550.2 (281.29) 95.1 96 gauche conformer 
origin  
35571.4 (281.12) 116.3 118 anti conformer 
origin  
35610.6 155.5  a 155.5 
35624.9 169.8  b 157.7 
35633.3 178.2  c 158.7 
35637.7 182.6  
35653.6 198.5  
35661.4 206.3  
35670.1 215.0  
35672.4 217.3  
35693.9 238.8  d 155.6 
35712.8 257.7  e 162.6 
35730.5 275.4  f 159.1 
35741.8 286.7  
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Figure 10-13: Power saturation spectra of tyramine. The lower trace is at higher 
power than the upper trace. 
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Figure 10-14: Very high-power spectra of tyramine showing the sequence bands 








The fluorescence excitation spectra presented here are essentially identical to those of 
Martinez et a!, despite the fact that the tyramine used by these authors was thermally 
desorbed (oven temperature 105°C). Since the two spectra match so well, there is no 
evidence of thermal decomposition in the experiments of Martinez et al. Similarly, 
the fluorescence excitation and R2PI spectra taken under our experimental conditions 
are essentially identical. Thus the discrepancy between the tyramine spectra of Li et 
a! and Martinez et al implies that in the experiments of Li et al the sample desorption 
conditions were unstable and that the spectra are of poorer quality. This must also 
cast doubt on the quality of their tyrosine spectrum and any other spectra taken with 
the same apparatus and signal processing techniques. 
Assuming that all the rotational conformers have the same transition strength, their 
relative intensities should reflect their relative abundance. It is interesting to note that 
the distribution in the spectra presented here is similar to that for Martinez et a!, 
despite the differences in vaporisation technique. The distribution of conformers after 
desorption is 'frozen in' once the molecules are entrained in the jet. In the solid, the 
conformer distribution would be that favoured by packing forces and would quite 
possibly be different to a thermal distribution. 
As the laser-desorbed conformer distribution seen here is essentially identical to the 
thermal distribution, either all conformers must be present in the solid to an extent 
(with the gauche form slightly dominant, since the most intense band, E, is assigned 
as a gauche conformer), or the barriers to rotation are very low and soon after 
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desorption a distribution of population amongst the conformers is seen. It may well 
be that the lack of a carboxyl group compared to tyrosine (see section 10.4.2) inhibits 
the intermolecular H-bonding and that there is much less tendency to keep the 
tyramine in the dominant solid conformation once it is in the gas phase. No crystal 
structure has been found in the literature for tyramine and hence no comparison can 
be made of the conformer distribution with that originally present in the solid. 
10.4.2 Tyrosine 
Figure 10-15 and Figure 10-16 show the LIF excitation spectrum of the 0-0 region of 
tyrosine. The spectra are of poor quality relative to tyramine; tyrosine proved to be 
much less amenable to desorption than tyramine and gave unstable desorption even 
from a well formed disc. The averaged spectrum given in Figure 10-15 has marked 
those bands which are significant and reproducible in the spectrum. These bands 
correspond to several of the conformer origin bands assigned by Martinez et al' 6, and 
apart from some differences in relative intensity are in good agreement with their 
results. Band C is broad, and band B may well underlie it. Figure 10-16 shows a 
typical unaveraged spectrum, with band E the dominant band. All the bands noted by 
Martinez et al may be discerned in this spectrum, unlike the spectrum seen by Li et al 
(see Figure 10-6) where only a subset of the bands are apparent 7 . The intensity 
















bands except two (F and G, rather weaker than the rest) were approximately the same 
size. Details of the tyrosine spectra are given in section 28 (Appendix XVI). 
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Figure 10-15: Average of several tyrosine spectra showing the 0-0 region. The 
marked bands are generally evident in the spectrum and correspond to 
conformer origins identified by Martinez et al. Upper spectrum shows absolute 
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Figure 10-16: Figure showing typical unaveraged spectrum of tyrosine 0-0 
region. The band marked E is typically of markedly greater intensity compared 
to the others. 
Using basic chemical rules (staggered conformation favoured over eclipsed, etc.), 12 
possible conformers may be theorised for tyrosine; these are illustrated in 
Figure 10-17. Martinez et al assign bands A,B,C,D as one set of conformer origins, 
with E,H,I,J as another set. The pairs of OH-position split conformers are therefore 
now A+E, B+H, CA, D+J, split here by Ca. 120cm 1 . F and G are assigned as another 
pair. However, since there are six possible staggered conformers for each OH 
position, it is possible that F and G should in fact have equivalent bands in the lower-
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5) 	gauche/gauche 	6) 
Figure 10-17: Possible L-tyrosine conformers. For the anti/gauche notation the 
first label refers to the carboxyl group and the second to the amine group. Each 
of the conformers noted above will have a second similar conformer generated 
by the rotation of the benzene ring OH group by 1800  about the C-O bond, 
giving 12 conformers in total. 
The instability of the desorption of tyrosine leads to variations in the relative 
intensities of the bands from one spectrum to the next and an increase in the noise. 
Spurious features may also be present. The spectrum is thus harder to interpret than 
that of the amenably desorbing tyramine. However, the main features of the tyrosine 
spectra are reproducible and it is often possible to see other bands than the main ones 
in several of the spectra. Two of these are in the correct positions to be the lower-
energy equivalents of F and G, and are labelled X and Y in Figure 10-18. This would 
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give pairs of conformers as X-F and Y-G. Band wavenumber values are given in 
Table 10-2. The energy of the lowest observed band for tyrosine is similar to that of 
tyramine; at 35480.8 cm -1 it is 25.7 cm blueshifted compared to the lowest observed 
tyramine band. The fact that the bands may be found in the same energy region 
indicates that the tyramine chromophore is little perturbed by the addition of the 
carboxyl group to form tyrosine. 
Table 10-2: Table of band positions for tyrosine and a comparison with those of 
Martinez et al' 6 . Band A of Martinez et al is at 35492 cm -1 . 
Band position! cm -1 Relative 
position 




all cm-1  
Band value 
relative 
to El cm-1 
Label 
35480.8 0.0 0  Ag/g 
35487.4 6.6  v 
35491 10.2  X 
35503.6 22.8  Y 
35535 27.2 27  B 
35510.3 29.5 32  C 
35526.1 45.3 48  Dg/g 
35600.7 119.9 123 0.0 Eg/g 
35609 128.2  8.3 v' 
35758.7 132.9 132 13.0 F 
35621.6 140.8 145 20.9 G 
35627.5 146.7 152 26.8 H 
35633.0 152.2 156 32.3 I 
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Figure 10-18: Two examples of averaged spectra marking extra bands (v, v', X, 
Y, B and F) sometimes apparent in tyrosine spectrum. 
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Another set of weak features is apparent in the X-F regions, the v and v' pair 
denoting vibronic features arising from A and E respectively. While it is possible that 
the v and v' pair values have been misassigned and should be interchanged with the 
X-F pair, it is apparent that there is definitely some low-frequency structure present, 
not only here but throughout the conformer 0-0 region. Since the lowest energy 
benzene vibration is at 365 from the electronic origin ' 7 , and given the extremely 
low frequency of v and v', it is likely that these originate instead from some low-
energy torsional motion of the molecule, perhaps of the alkyl chain. Table 10-2 
shows the band positions relative to both band A and band E. There is a great 
similarity between the A-D and the E-J sets, supporting the theory that X and Y are 
also conformer origins. 
In the crystal form the molecule is a zwitterion, illustrated in Figure 10-19 a), 
corresponding to proton transfer from the carboxyl group to the amino group and 
presumably leading to electrostatic attractive interactions between molecules in the 
solid. The crystal structure, not surprisingly in view of the tendency of amino acids to 
hydrogen-bond, is also stabilised by extended networks of intermolecular H-bonding 
(in the crystal there is no intramolecular H-bonding between the carboxyl and amino 
groups, although there may be some between the carboxyl 0 and the H on the 
neighbouring carbon atom' 9). These two factors probably contribute to the difficulty 
of desorbing this molecule and gaining clear spectra compared to the relative ease of 
tyramine which does not have the same magnitude of ability to form H-bonds and 











Figure 10-19: a) Zwitterion form of conformer 6) (from Figure 10-17) and 
crystal structure of tyrosine. The COO and N atoms are essentially in a plane, 
and the OH-benzene groups are also essentially coplanar, with the 0: electrons 
partially delocalised into the ring. b) and c) show, schematically, possible gas-
phase H-bonded forms of tyrosine 
The conformer distribution merits discussion. Unlike that for tyramine, the 
distribution of conformers is markedly different to that obtained thermally by 
Martinez et a!, in their case using an oven at 230°C 16,  giving similar intensities for 
all conformers. In contrast, laser desorption favours the conformer corresponding to 
band E. 
It is inferred from the desorption of intact magnesium phthalocyanine-water of 
crystallisation van der Waals complexes from the solid phase (see chapter 9 section 
9.4.4) that the desorption process is very soft and does not impart much energy to the 
molecules undergoing desorption. It is therefore possible that the dominance of one 
band, E at 35600.7 cm' (280.89nm), in the tyrosine spectrum arises from the jet 
conformer distribution retaining a memory of that in the solid, a previously 
unreported phenomenon. In the crystal, the molecule exists in one form, that of the 
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gauche/gauche configuration shown in Figure 10-17 for 5) and 6) 18,19  and E would 
thus be a gauche/gauche conformer. 
If the conformer favoured in solid tyrosine is desorbed intact, a mechanism must 
exist to prevent equilibriation with the other possible conformers. Figure 10-19 b) 
and c) show possible hydrogen-bonding interactions in the isolated crystalline 
conformer. Hydrogen bonding of type c) would inhibit the rotation of the aromatic 
side group and the formation of other conformers in this manner. Tyramine, in 
contrast, has no such hydrogen bonding potential and presumably therefore low 
barriers to conformer interconversion, leading to the thermal-type distribution 
observed here after laser desorption. 
If E is a gauche/gauche (g/g) conformer then its OH-rotation conformer A, is also 
g/g. As well as A-E, there should be another gauche/gauche pair, and given the 
intensity of band J, it is probably the D-J pair. All other bands are therefore 
gauche/anti (g/a) and anti/gauche (a/g) conformers, formed during the desorption 
process. The barrier to forming these conformers from the gauche/gauche 
conformation must not be great, since significant populations are present in the 
supersonic jet. 
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10.4.3 Glycyl tyrosine 
As a final note, preliminary LIF excitation spectra have been gained for the dipeptide 
glycyl tyrosine 20. The desorption characteristics of glycyl-tyrosine (gly-tyr) are 
similar to those of tyrosine, not unexpectedly given the close structural relationship 
to tyrosine and the fact that both molecules are zwitterions in the solid. That is to say, 
a stable desorption signal is not easily achieved, although it is slightly more tractable 
than tyrosine. However, some preliminary spectra have been gained. Glycyl tyrosine 
shows three features of significant intensity in its spectrum, fewer than is observed 
for the gas-phase tyrosine; see Figure 10-20 and Table 10-3. Details of the gly-tyr 
spectra obtained so far are given in section 29 (Appendix XVII). 
There are weaker bands sometimes apparent in the spectrum other than the main 
conformer bands. These may arise either from small amounts of other conformers, or 
they may be vibronic bands. If they are conformers then variation of the experimental 
conditions (varying delays etc.) may account for the variability of their intensity 
within the spectrum. If they are vibronic bands then alteration of the excitation laser 
intensity will be the factor responsible for the intensity alteration. Clarification awaits 
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Figure 10-20: 0-0 region of LIF excitation spectrum of Glycyl tyrosine. Upper 
spectrum shows absolute wavenumbers and lower spectrum relative 
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Figure 10-21: Glycyl tyrosine spectra showing some underlying bands. 
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Table 10-3: Band positions for gly-tyr. Bands 1 and 2 are less reproducible than 
the other labelled bands, and * marks the strongest features 
Band value/cm' (urn) Band value relative 
to lowest band/cm -1  
Label 
35743.2 (279.77) 0.0* A g/g conformer origin 
35762.6 (279.62) 19.4 1 
35775.5 (279.52) 32.3* B conformer origin 
35789.0 (279.42) 45.8 C 
35805.7 (279.28) 62.5 D 
35819.9 (279.17) 76.7* E conformer origin 
35944.4 (278.21) 201.2 2 
The lowest observed band for gly-tyr is at 35743 cm, whereas the conformer origin 
bands for tyrosine are observed in the range 35481 to 35645 cm-1 . Gly-tyr is thus 
considerably blue-shifted compared to tyrosine, indicating that the tyrosine 
chromophore is significantly perturbed by the presence of the glycine substituent. 
The sequence of 0-H rotation conformers seen in the tyrosine spectrum is completely 
absent in that of gly-tyr. This may be because the splitting is so large that the region 
containing the bands is displaced to higher energy than that investigated so far, or it 
may be that the effect of rotation in the larger gly-tyr is so small as not to be resolved 
in these experiments. There is some evidence to support the latter case, as the strong 
features in the gly-tyr spectrum have an unusually large FWHM. 
Extrapolating from tyrosine, one would expect that the predominant conformation be 
gauche in character about the same C-C bond, and that the solid conformer 







are three conformers 21 . The main chain structure in the crystal is essentially fixed due 
to the intermolecular H-bonding forces, leaving only the orientation of the tyrosine 
side chain to vary; see Figure 10-22. By comparison with the spectrum of tyrosine, 
the lowest energy feature, A, will be a gauche/gauche conformer (Figure 10-22 3)) 










Figure 10-22: gly-tyr conformations in the crystal. 
Whilst, as for tyrosine, the conformations predominant in the solid may also be 
dominant in the jet, the bands for the other possible conformers arising from internal 
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rotation of the main chain are far less apparent in the spectrum. All of the 
conformations present for gly-tyr in the solid have a rigid backbone, the orientation 
of which is defined by the intermolecular interaction in the crystal. For the free 
molecule it is easy to see that the terminal amine group has the possibility of H-
bonding with the local carboxyl group, just as the terminal carboxyl group has the 
possibility of H-bonding with the local amino group. In the gas phase, these two 
interactions may well arise, restricting rotation of the backbone of the molecule so 
that the only three conformers seen are those pre-formed in the crystal. Hydrogen 
bonds of these types are already known for glycine alone in the gas phase 22  (see 
chapter 11 section 11 .1.2.2). The proposed hydrogen bonds would form two five-
membered rings (see Figure 10-23), an arrangement not subject to much steric strain. 
There is also little tendency to rotate about the peptide bond in the condensed phase'; 










Figure 10-23: Proposed hydrogen bonds, illustrated for gly-tyr conformer 1) 
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If all the proposed hydrogen-bonding interactions occur, the main chain conformation 
would be held rigid in the gas phase. Thus the crystal chain orientation may be 
preserved during the desorption process, and the jet conformer distribution retains a 
memory of that present in the solid. These data also imply that as the complexity of 
this class of molecules increases, so do the number of potential hydrogen-bonding 
interactions. This increases the barrier between different molecular conformations 
and models the tertiary structure 'self-assembly' effect seen for large biomolecules 
where one preferred molecular conformation is maintained. 
10.5 Conclusions 
The LIF excitation spectra of tyramine and tyrosine have been investigated, as well as 
some preliminary results for the dipeptide glycyl tyrosine and the R 2PI spectrum of 
tyramine. In all cases several conformers were observed. Counter to what might be 
expected, for the more complex dipeptide, a less complex spectrum was observed. 
While to an extent weaker features are masked by the less amenable desorption 
characteristics of tyrosine and gly-tyr, it is also apparent that the conformer 
distribution changes for these molecules. That is, less numbers of conformers are 
present in sufficient concentration in the jet, for these two molecules, to be dominant 
or readily apparent in the spectrum than for tyramine. For tyramine, all conformer 
bands have significant intensity within the spectrum. For tyrosine, all conformer 
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bands may be seen within the spectrum but only one band is now dominant; for gly-
tyr compared to tyrosine, only three features now have significant intensity. 
This is ascribed to the fact that going from tyramine to tyrosine and from tyrosine to 
gly-tyr the potential for intramolecular hydrogen-bonding increases. Tyramine has 
least tendency to form intramolecular hydrogen bonds, and all conformers are present 
with a significant intensity in the spectrum regardless of the method of desorption, 
ascribed to a low potential barrier between conformers. For tyrosine, one conformer 
dominates the laser-desorption spectrum, reflecting the fact that one conformer is 
favoured in the solid and is preserved during desorption. The other conformers are 
also present in the laser-desorbed vapour to some extent, implying that the barrier to 
conformational change is fairly small. Finally, for gly-tyr, only three conformer 
origin bands are readily apparent in the spectrum, reflecting the three conformers, 
corresponding to different tyrosine side-chain orientations, which are favoured in the 
solid and suggesting that extensive hydrogen bonding holds the backbone of the 
molecule in place after desorption. 
It will be an interesting project for future work to investigate whether the conclusions 
drawn for gly-tyr hold true for other tyrosine dipeptides. Additionally, one may 
speculate that the spectra of tripeptides and above, rather than being more complex 
than the free amino acids, with more possible conformers, may instead be simpler, 
perhaps favouring only one form. 
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11. DNA bases and analogues 
11.1 Introduction 
Nucleotides are comprised of a nitrogenous base (those that are incorporated into 
nucleotides are generally referred to as 'nucleic' bases), a sugar, and one or more 
phosphate groups (see Figure 11-1), and have great biological importance'. They are 
variously used as the activated precursors (or 'building blocks') of DNA and RNA, 
intermediates in many biosyntheses, are an essential part of the energy transfer 
process, are components of several major coenzymes, and are metabolic regulators. 
Several of the nitrogenous bases and associated molecules have been investigated 
here. 
OPOCH2 	Base I 4 
HO OH 
Figure 11-1: Generic nucleotide. The Base is one of several purine or pyrimidine 
derivatives 
The nucleic bases are either purine or pyrimidine derivatives, the structures of which 
are given in Figure 11-2. Pyrimidine bases are uracil, thymine and cytosine and their 
structures are given in Figure 11-3; purine bases are adenine and guanine, the 






















b) Thymine 	 c) Cytosine 
Figure 11-3: Pyrimidine bases a) uracil, b) thymine and c) cytosine 
NH2 	 0 
H2N 
a) Adenine 	 b) Guanine 
Figure 11-4: Purine bases a) adenine and b) guanine 
In the case of the pyrimidine bases, one of the intermediates for the in vivo synthesis 
is orotic acid (5-carboxy uracil) in the form of the orotate'; see Figure 11-5. Orotic 
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acid was once known as vitamin B 13 , although it is no longer regarded as a vitamin 2 . 
No symptoms for deficiency have been reported in humans, but it has been used in 



















Figure 11-5: a) orotic acid (5-carboxy uracil); b) orotic acid as the orotate 
intermediate; c) iso-orotic acid (6-carboxy uracil) 
11.1.1 Tautomerism 
The purine and pyrimidine-based bases can, in principle, exist in a number of 
tautomeric forms. Tautomerism in a molecule means it can exist as different 
structural isomers which may readily interconvert. For example, tautomers may arise 
with the movement of a proton from one atom to another within a molecule as with 
keto-enol tautomerism (see Figure 11-6). Equilibria between keto and enol forms of a 
molecule tend greatly to favour the keto form, as hydrogen tends to bond to carbon 
rather than a more electronegative atom 3 . The weaker acid (keto) form is hence more 
stable as it is less likely to deprotonate. 
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a) —C=C—O—H 	 b) —C—C=--- O 
Figure 11-6: a) enol tautomer and b) the more stable keto tautomer 
Keto-enol tautomerism is possible for the pyrimidine bases, although in nature they 
exist predominantly in the keto form; the crystalline form of the pyrimidine bases is 
also the keto isomer4 ' 5 ' 67 . The predominant tautomers form the Watson - Crick base 
pairs in DNA and RNA. The Watson-Crick base pairs are guanine-cytosine and 
adenine-thymine for DNA; thymine is replaced by uracil in RNA. The rare tautomers 
and consequent base mispairs are a theoretical cause of spontaneous point mutations 
in DNA and RNA'. A theoretical study of the tautomerisation of uracil between the 
normal form and its other tautomers found an equilibrium constant of 4 x 10 -9 for 
conversion to tautomers other than the normal one 8 ; this is, therefore, an extremely 
unlikely process. 
Proton-movement tautomerisation is also theoretically possible for the purine bases, 
but of a different form, known as enamine-imine tautomerisation. The equilibrium 
for such a tautomerisation usually lies in favour of the imine form 3, but in the case of 
the cyclic aromatic purine bases lies instead well in favour of the enamine form  as 
the benzenoid ring is resonance-stabilised and is thus the energetically favourable 
form. 
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—C==C —N—R . 	 __C —C =N—R 
Enamine 	H 	 H 	Imine 
Figure 11-7: Enamine-imine tautomerisation where R is any alkyl group 
In the present work uracil, thymine, cytosine, adenine, orotic acid (5-carboxyuracil) 
and iso-orotic acid (6-carboxyuracil) have all been studied using LD-SJLIF. As LIF 
spectroscopy in the environment of a supersonic jet is able to distinguish between 
isomers, then should the molecules have a structured spectrum the presence of 
different tautomeric forms should be readily detected. Similarly, once any putative 
fluorescence is detected, the complexation of the bases with solvent, particularly 
water, would allow investigation of hydrogen bonding interactions of the compounds. 
11.1.2 Fluorescence properties in solution 
11.1.2.1 Nucleic bases 
In a paper by Becker et al' ° where the sample was held in a frozen-solvent matrix at 
77K, two points about the fluorescence of uracil and thymine were noted. Firstly, any 
fluorescence observed was from the keto form only. Secondly, they noted that such 
fluorescence occurred only in protic environments where the carbonyl groups were 
H-bonded, as for iso-orotic acid (see section 11.1.2.2). The fluorescence quantum 
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yields of the molecules at 77K in protic solvent were uracil: 1 x 10 -4 ; thymine 
3.5 x 10* In aprotic solvent these altered to uracil: less than or equal to 5 x lO; 
thymine 5 x 10*  Given the lack of fluorescence they concluded that the dominant 
excited state population decay process was internal conversion. Assenza et a! 11 found 
that thymine fluoresced in the pH range 10-13, where it would be in the form of an 
anion, not the neutral molecule 12 . In room temperature aqueous solutions, the 
fluorescence quantum yields of all the nucleic bases are low; average figures from the 
review by Callis22 are given in Table 11-1. Thus, the isolated molecules would not be 
expected to have significant fluorescence. 
Table 11-1: Average fluorescence quantum yields in aqueous solution 22 
Compound Fluorescence quantum yield 
Uracil 0.5 x 10' 
Thymine 1 x 1 0 
Cytosine 0.8 x 10 
Adenine 3 x 10 
Guanine 3 x 10 
11.1.2.2 Orotic acid and Iso-orotic acid 
For orotic acid and iso-orotic acid in frozen solution at 77K, the presence of 
hydrogen bonding affects the order of the two lowest singlet excited states, '(n, it) 
and ' (it it*) 13 According to Murray et al 13 , where hydrogen bonding occurs, the 
'(n, Tr *) state is destabilised and the ' (it, ir*)  state is now lower in energy. There is 
little coupling between ' (it, lr*)  and 3 (71, lt*)  states and thus there is not significant 
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non-radiative decay through this pathway and the fluorescence quantum yield is 
increased 14" 5 . Where hydrogen bonding does not occur, the '(n, n) state is lowest and 
couples to the 3 (7r, 7r*)  state 15 , resulting in phosphorescence and a substantially lower 
fluorescence quantum yield. In protic solvents both orotic and iso-orotic acid give 
rise to fluorescence with quantum yields of 0.26 and 0.29 respectively, while in 
aprotic solvents only iso-orotic acid does so with a quantum yield of 0.44 (that of 
orotic acid in the same environment being 1.5 x 10-3)  ,  due to its ability to H-bond 
intramolecularly via the H of the carboxy group to an adjacent carbonyl group. For 
orotic acid there is no such carbonyl group directly adjacent to the carboxy group. 
Such intramolecular hydrogen-bonding is not possible for uracil, the uncarboxylated 
form of the orotic acids, which may account for the small fluorescence quantum yield 
of the pyrimidine bases. 
11.1.3 Previous supersonic jet studies of uracil and thymine 
Thymine and uracil have both been previously examined in a jet-cooled environment, 
by Tsuchiya et al 16  and Brady et al' 7 . Both these groups used conventional thermal 
techniques for vaporisation. Tsuchiya et al. obtained clearly defined fluorescence 
excitation in the regions 35200 to 38000 and 30800 to 32600 cm' (284 to 267 and 
325 to 307 nm) and corresponding dispersed fluorescence spectra. They found two 
distinct band systems for each molecule, as shown in Figure 11-8. This was 
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interpreted as evidence that both the diketo (denoted system I) and keto-enol (system 
II) tautomers were present, the first reported observation of the keto-enol form. 
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Figure 11-8: Fluorescence excitation spectrum of jet-cooled uracil (Tsuchiya et 
al, reproduced from reference 16).  Upper spectrum (system I) is attributed to the 
diketo tautomer and the lower spectrum (system II) to the keto-enol tautomer. 
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This was investigated by Brady et al using both fluorescence and mass-selected two-
colour R2PI spectroscopy. They concluded that the LIF spectra seen by Tsuchiya et at 
were from oven reaction products. Brady et al could replicate the LIF results of 
Tsuchiya et at, but found that the molecule which gave the fluorescence spectrum had 
a molecular weight higher than that of uracil itself. When they gated their apparatus 
for the molecular weight of uracil and performed R 2PI, they found a broad, 
structureless spectrum. Their spectrum for thymine is similarly broad. Both spectra 
are shown in Figure 11917. 
Thymine a C 1:1 :Ur 
Laser Power 
1 	t 	I 	I I 
Laser Power 
I 	I 	 I 
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Frequency (cm') 
Figure 11-9: Photoionisation spectra of jet-cooled thymine and uracil (Brady et 
al, reproduced from reference 17). Lower curves indicate excitation laser power. 
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It is perhaps not surprising that the spectra of the two molecules are similar. What is 
surprising, however, is to find a broad, unresolved spectrum for a molecule under jet-
cooled conditions. The broad spectra are thought to be an intrinsic property of the 
molecules ' 7 . Two proposed mechanisms are that the ground and excited electronic 
states are geometrically very different, or that there is mixing between two excited 
electronic states. 
Excitation to a state with a much different geometry would mean that to gain large 
Franck-Condon factors (see chapter 4 section 4.2.2.3), transitions would occur to 
closely-spaced levels high in the vibrational manifold of the electronically excited 
state. This would give rise to a large number of overlapping vibronic transitions and a 
quasi-continuous spectrum. 
Alternatively, strong vibronic coupling with a lower electronic state would produce a 
very congested region of energy levels. For uracil, such a coupling is thought to 
happen between the S, '(t,ic*)  state and either the ground or the nearby triplet state 17 . 
This congested region would give rise to much broadened spectra. Hence both 
proposed mechanisms would mean that excitation occurred to a pseudo-continuum of 
states, giving an unstructured spectrum. 
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11.2 Experimental 
The uracil and adenine used were obtained from Aldrich. The thymine, cytosine, 
orotic and iso-orotic acid used were obtained from Sigma; the orotic acid was in the 
anhydrous form. All samples were used without further purification. Samples were 
presented as pressed discs produced in a hydraulic press at a pressure of 5 tons. When 
pressing discs of orotic and iso-orotic acid careful application of pressure in a smooth 
fashion was required, otherwise extremely brittle discs were produced. All samples 
presented for desorption were held onto the sample holder with double-sided 
adhesive tape. Once desorbed, all samples were cooled in a supersonic jet of helium 
at with a backing pressure of 6.5 bar. 
One-colour R2PI spectra were taken in addition to the fluorescence excitation spectra 
where there were intermediate states of the appropriate energy. The ionisation 
potentials of both adenine and cytosine (8.91 and 8.90 eV for adenine and cytosine 
respectively according to Lifschitz et al 18  8.44 and 8.94 eV respectively according to 
Hush et al' 9 ; the So-->oo ionisation value for adenine is given by Lin et a1 9 as 8.48 eV) 
were small enough to allow one-colour R 2PI using the S  state as an intermediate. 
11.3 Results and discussion 
11.3.1 LIF of Uracil and Thymine 
Investigation here of both uracil and thymine over the regions in which Tsuchiya et al 
saw structured spectra revealed no fluorescence. The lack of fluorescence over the 
region that Brady et al investigated neither supports nor contradicts their reported 
spectra. It can only be stated that the molecules are apparently not fluorescent over 
this range of wavelengths. This is consistent with fluorescence quantum yields 
measured in solution to be < 10-3 for uracil both in aprotic 2-methyltetrahydrofuran 
(2-MTHF) and protic 50% / 50% ethanol/methanol (EtOH-MeOH)' 7. For thymine 
the fluorescence quantum yield is measured to be < 10-3 in 2-MTFIF and ca. 10 -2 in 
(EtOH-MeOH); our results are again reasonably consistent with this. 
These data do, however, directly contradict the findings of Tsuchiya et al who found 
these molecules to be fluorescent. Since our desorption technique does not cause 
decomposition, we can be certain that the molecule under investigation was indeed 
uracil. Our findings therefore support those of Brady et a!, indicating that the 
fluorescence observed by Tsuchiya et al did not originate from uracil or thymine. 
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11.3.2 LIF of Orotic acid and Iso-orotic acid 
Fluorescence excitation spectra for orotic acid ( 6-carboxyuracil) and iso-orotic acid 
(5-carboxyuracil) have been observed in the 35000 to 33500 cm' (285-299 nm) 
range; these spectra are shown in Figure 11-10 and Figure 11-11. The iso-orotic acid 
spectrum is an average of six spectra; the individual spectra are given in section 30 
(Appendix XVIII). Both of these compounds are fluorescent, in contrast to uracil, 
which is not (see section 11.3.1). The fluorescence is broad, and no clear onset has 
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Figure 11-11: LIF excitation spectrum of orotic acid. The trough in the centre is 
probably due to a desorption dropoff 
Although the evaluation of these molecules as fluorescent was hard to quantify in 
light of the broadness of the fluorescence, especially in the case of orotic acid, both 
orotic acid and iso-orotic acid appear to be fluorescent in conditions where neither 
molecule can reasonably be expected to be able to abstract hydrogen from other 
molecules. The observed fluorescence for iso-orotic acid under jet-cooled conditions 
is consistent with previous solution phase studies where it was found that the 
fluorescence quantum yield for iso-orotic acid, in either protic (protonating) or 
aprotic (non-protonating) solution, was 0.29 13  Observation of fluorescence from the 
isolated molecule makes sense in light of the proposed ability of the iso-orotic acid to 
H-bond intramolecularly (see Figure 11-12). However, the fluorescence of orotic acid 
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Figure 11-12: a) and b) are known hydrogen-bonded forms of glycine 20. c) 
shows intramolecular H-bonding for iso-orotic acid, and d), e) and I) orotic acid, 
demonstrating various possible mechanisms for protonating the carbonyl 
oxygen to allow fluorescence. 
It may be that under the isolated conditions of the jet, through-space hydrogen 
bonding of the carboxylic group with a carbonyl group is possible; possible forms are 
shown in Figure 11-12. Hydrogen-bonding of this type is known to occur for 
glycine20 Alternately, it is possible that a proportion of the acid exists as the enol 
form in the gas phase and that this is responsible for the fluorescence, but this is 
unlikely. Even for the monohydrate form of the crystal, where protons are more 
readily available, the molecule exists in the keto form  21  and it is unlikely that enough 
energy is given to the molecule during desorption to allow the tautomerisation. It 
seems, therefore, that in the gas phase the ordering of states is reversed and the ' (it, 
it*) state is the first excited state in the isolated, unperturbed, molecule due to 
intramolecular hydrogen bonding. The lack of observable structure in the spectrum is 
similar to the R2PI spectra of Uracil and Thymine obtained by Brady et a!, again 
suggesting that the Franck-Condon allowed envelope of transitions is high in the 
vibrational manifold leading to a congested spectrum. If excitation is to a relatively 
high-energy region, there may also be mixing of the populated vibronic levels with 
the close-lying '(n, it) second excited state, further broadening the transition. 
11.3.3 LIF and R2PI of Adenine and Cytosine 
Adenine and cytosine were both investigated using LIF and one-colour R2PI. For 
both molecules unclear, broad and structureless spectra were observed in the 28100 
to 30000 cm' (355 to 335 nm) region. This was true both for the R 2PI and for the 
fluorescence excitation spectra. The signal detected was weak, especially for 
cytosine. Reproducible spectra were gained for adenine and are shown in Figure 
11-13 (LIF) and Figure 11-14 (R 2PI). In view of the weak signals and the broadness 
of the wavelength region it is difficult to be certain if the fluorescence signal is real 
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If real, the broadness of the spectra probably arise for the same reasons discussed for 
the other bases. Although the approximate relative fluorescent quantum yields agree 
with those found previously (adenine : cytosine 4.1 : 1)22, the magnitude does not. 
They are both reported to be on the order of 104  in room temperature aqueous 
conditions22, which these results do not conclusively support, suggesting perhaps a 
slightly higher yield in the isolated molecule. 
11.4 Conclusions 
Orotic acid and iso-orotic acid both appeared to be fluorescent in the isolated 
environment of the supersonic jet with broad unstructured spectra and no clear 
spectral onset. For iso-orotic acid this is in accordance with theory, but for orotic acid 
this is not. The fluorescence may be due to through-space hydrogen-bonding 
occurring intramolecularly so that in the unpertubed molecule the 1 (7t, it*) state is 
lowest in energy and the transition to the ground state leading to fluorescence is now 
allowed. This suggests that the effects of solvation, even in a non-protic solvent, will 
perturb the photophysics of the molecule sufficiently to alter the ordering of states 
and prevent fluorescence. 
Given the previously demonstrated efficient cooling of the apparatus (see chapter 8), 
the broadness of the spectra is concluded to be intrinsic. This may be due to either the 
excited state having a much different geometry to that of the ground state and thus 
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Franck-Condon favoured excitation being to a pseudocontinuum, or to vibronic 
coupling with another electronic state, in either case leading to a congested spectrum. 
For uracil, thymine, cytosine and adenine no conclusive evidence was found for 
fluorescence, in accordance with previous findings on their fluorescence quantum 
yields. In the case of uracil and thymine this contradicts the findings of Tsuchiya et al 
who observed structured fluorescence spectra and supports the theory put forward by 
Brady et al that the Tsuchiya et al uracil spectra were due to oven reaction products 
rather than the parent compounds. 
The intrinsic broadness of the spectra observed here means that the supersonic jet 
technique is of little value in studying the photophysical properties of these 
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12. Conclusions 
This PhD project has taken the new technique of LD-SJLIF and reproduced accepted 
results for compounds with known spectra: these were carbazole, benzoic acid (BA) 
and para-amino benzoic acid (PABA). In all cases clear and reproducible spectra of 
the molecules were obtained. Hence stable desorption is achieved with this 
technique, the desorbed molecules are being effectively cooled and LIF spectra are 
recorded without interference from scattered light. The use of laser desorption rather 
than conventional thermal desorption allows the investigation even of involatile 
and/or thermally labile molecules, greatly extending the range of molecules which 
can be investigated. 
In the case of these experiments desorption was normally carried out from a pressed 
powder disc, but the technique has also been demonstrated to work using other 
desorption media. Experiments were performed on carbazole in the pure form, on 
filter papers, and from a pressed disc of desiccated contaminated soil. In all cases the 
carbazole spectrum was clearly discernible, demonstrating that the technique is 
robust to desorption from different media. This illustrates the potential application of 
this technique to the investigation of real life samples such as pollution filters and 
samples from contaminated land sites; LD-SJLIF has an advantage over mass 
spectrometric techniques in that the detection technique is isomer specific. The 
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Near-Surface Bulk Phonon (NSBP) Model has been proposed to explain the 
desorption mechanism under the normal conditions in this experiment. 
In order to entrain the desorbed molecules into the supersonic jet after desorption, a 
faceplate was designed. This is a block of metal which fits over the jet exit and 
desorption plume, constraining them to interact such that the sample molecules 
become entrained and properly cooled within the jet. Two types of faceplate have 
been developed for different types of molecules, along with some rationale of which 
jet conditions are best for particular types of molecules. 
An experimental protocol has been developed, and information may be found in the 
appendices describing the specific operation of this equipment for the use of future 
group workers. This experimental technique gives an enhanced quality of data 
compared to the (small total number) of other LD-SJLIF data present in the literature. 
A troubleshooting guide for the experiment has been devised and is also included in 
the appendices, as are tables of information on experimental conditions used for the 
molecules; additionally, for each molecule where data of a reasonable quality have 
been obtained, appendices have been constructed to expand on the spectra presented 
in the main body of this thesis. 
Several phthalocyanines have been investigated. These molecules have ca. 60 atoms 
but clear and reproducible spectra were still produced, demonstrating the efficient 
cooling of the apparatus even for molecules of this size. The quality of the data 
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obtained meant that a detailed analysis of the vibronic structure could be performed. 
This gave insight into the molecular geometry of the molecules, and allowed vibronic 
coupling between electronic states to be observed. Not only the first excited 
electronic state but higher electronic states were also observed. Resolved vibronic 
structure was also observed even for some of these higher states, at very high 
energies above the ground state. 
LD-SJLIF spectra have been obtained for the amino acid tyrosine, its basic analogue 
tyramine and the dipeptide glycyl tyrosine (gly-tyr). These are thermally labile 
biomolecules and indicate the usefulness of this technique for application to this class 
of molecules. Several conformers were observed in the spectra of each of these 
molecules. For the series tyramine—*tyrosine-->gly-t -yr the molecules increase in size 
and theoretical possible number of conformers. However, the actual number of 
conformers apparent and/or dominant in the spectrum decreased. It is thought that 
this reflects both the number of conformers favoured in the solid and the 
intramolecular hydrogen-bonding capability of the molecules once desorbed into the 
gas phase. In contrast to thermally-desorbed molecules, the conformer distribution in 
the jet therefore retains some memory of the solid conformer distribution where the 
barrier to conformer interconversion is higher than the small amount of internal 
energy imparted to the molecules during the desorption process. 
Several nucleic bases (uracil, thymine, adenine and cytosine) have been investigated, 
along with the uracil analogs orotic acid and iso-orotic acid. For uracil and thymine 
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no fluorescence was found, in accordance with solution phase fluorescence quantum 
yields. This contradicts the work of Tsuchiya et al, who found these species to be 
fluorescent in the jet, and supports the work of one group (Brady et a!) who found the 
Tsuchiya-observed species to be oven reaction products; these workers instead found 
only broad unstructured R2PI spectra for these species in the jet. Orotic acid and iso-
orotic acid were found to be fluorescent in the jet, and adenine and cytosine to be 
weakly fluorescent, but to have similarly broad unstructured fluorescence. The 
intrinsic broadness of the spectra of these species, even when jet-cooled, limits the 
usefulness of their investigation using LD-SJLIF. 
In summation therefore, the utility, reliability and veracity of LD-SJLIF has been 
proven, along with its robustness for investigation of samples presented in different 
desorption media and requiring little sample preparation. The technique has been 
improved, and equipment and experimental conditions developed to optimise the 
investigation of various categories of molecules (small, large, volatile and involatile). 
A theory of the desorption mechanism for these experiments has been proposed. 
LD-SJLIF has been applied to a number of molecules and has produced clear and 
reproducible data (and hence effective cooling) even for large molecules. The 
potential of this technique to investigate molecules that are involatile and/or 
thermally labile is extremely large. A number of biological molecules, especially, 
could benefit from investigation in this manner. 
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13. Appendix I: Courses Attended 
In accordance with the regulations of the Department of Chemistry, University of 
Edinburgh, I have attended the following courses during my PhD: 
Lecture courses: 
• Chemical Databases 
• Chemometrics 
• Probabilistic Data Processing 
• Normal Modes in JR spectroscopy 
• Zeke and Jahn-Teller effects in C6H5 
• Laser Physics I and II 
• Practice and Theory of JR spectroscopy 
Computer courses attended: 
• Introduction to Excel 5 
• Microsoft Word for Windows V6 (both Intermediate and Advanced) 
• Internet workshop 
• Writing HTML and publishing on the World Wide Web 
• Using graphics on the World Wide Web 
• Introduction to "C" programming 
Management course: 
• CRAC management course 
14. Appendix II: Publications 
(See also conferences attended): 
• F.L. Plows and A.C. Jones, Laser-Induced Fluorescence Spectroscopy of Jet-
Cooled Laser-Desorbed Molecules, Central Laser Facility Rutherford Appleton 
Laboratory Annual Report 1994-5, p. 144 
• F.L. Plows and A.C. Jones, Laser-Induced Fluorescence Spectroscopy of Jet-
Cooled Laser-Desorbed Phthalocyanines, Central Laser Facility Rutherford 
Appleton Laboratory Annual Report 1994-5, p. 136 
• F.L. Plows and A.C. Jones, Laser-Induced Fluorescence Spectroscopy of Jet-
Cooled Laser-Desorbed Phthalocyanines, Proceedings of the 52nd  International 
Symposium on molecular spectroscopy, 1997 
• F.L. Plows and A.C. Jones, Supersonic Jet Spectroscopy of Laser-Desorbed 
Phthalocyanines, Proceedings of the 7 th European conference on biological 
molecules 
• F.L. Plows and A.C. Jones, Mechanism of desorption from macroscopically thick 
samples with a pulsed JR laser, Manuscript submitted to mt. J. Mass Spectrom. 
• F.L. Plows and A.C. Jones, Laser-desorption Supersonic Jet Spectroscopy of 
Phthalocyanines, Manuscript submitted to J. Mol. Spect. 
I have also attended the following seminars and conferences: 
Departmental seminars and Chemistry department laser group meetings: as 
well as attending seminars, postgraduates are required to give departmental 
presentations on their projects twice yearly. 
Conferences attended: 
• July '95: Molecular Dynamics in the Gasphase and at Interfaces (Germany). 
Poster presentation 
• August '96: Aspects of spectroscopy VI (Britain). Oral presentation. Awarded the 
Technical Optics Spectroscopy Prize. 
• November '96: Chemistry Research for Britain '96. Poster presentation 
• March '97: lOP Annual congress: Hot Topics In Spectroscopy (Britain). Poster 
presentation 
• June '97: 52'' International Symposium on molecular spectroscopy (US). Oral 
presentation 
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15. Appendix III: Troubleshooting Guide 
In this appendix, a guide to common problems concerning the apparatus and/or the 
running of the experiment are presented, together with their solutions. The list is not 
exhaustive, but will hopefully help future operators of the experiment correct for 
these problems or at least eliminate them from their lines of inquiry. 
Table 15-1: Desorption/Supersonic jet Troubleshooting 
Problem Possible cause Solution 
I. Background pressure in Gas nozzle ('poppet') not sitting Adjust poppet tightness (NOTE 
chamber too low after properly that exptl. delays may need to 
switching on carrier gas be changed) 
If no improvement upon 
tightening, replace poppet. This 
will bed down and need 
tightness adjustment after a few 
days 
Faceplate blocking Unblock faceplate 
Use appropriate faceplate type 
for molecule (See Appendix III) 
Disc sticking See Table 15-lNo. 3 
Large, unstable (but CO 2- Gas leakage through faceplate - Push disc tighter against 
related) signal at all desorption hole (therefore faceplate 
wavelengths and no peaks constant scatter at all 
apparent wavelengths + no entrainment - Ensure type II faceplate is in 
of molecules in jet as they are use (see section 7.5.4) 
pushed away from the cooling 
channel); therefore no peaks 
Disc not rotating properly Disc sticking to faceplate - Move disc further away 
(and immediately tracking to 
central desorption track - Re-PTFE faceplate 
only) 
Not enough gas to 'float' disc' - Change position of disc 
(NOTE: One possible symptom 
is that background - Increase gas pressure 
pressure in chamber may be (NOTE: will necessitate 
lower than normal) changing exptl. delays) 
Pressure dependent phenomenon, applying only for molecules that need high pressure for cooling 
and have their discs tight up against faceplate 
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Only hot molecule peaks Delays wrong Alter delays (see Appendix III) 
seen  
No cool signal at any delay Wrong cooling conditions Ensure use of correct faceplate 
type with appropriate gas 
pressures and delays 
Large amounts of scattered Air in chamber Ensure proper evacuation of 
light seen chamber 
Gas leaking See Table 15-lNo.2 
YAG laser hitting frj5 in Open in or out iris as 
chamber appropriate 
No iris before PM tube Install 
No/wrong filter before PM tube Install/change 
Alan key left in faceplate after 
alignment Remove 
Molecule quickly blocking CO2 laser beam too intense Decrease CO 2 iris aperture 
up desorption channel 
Desorption channel too small Ensure Type I faceplate is in 
use (see section 7.5.4) 
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Table 15-2: Laser signal Troubleshooting 
Problem Possible cause Solution 
Lasers not starting even Interlocks not closed properly Check all internal and external 
though turned on and interlocks especially main 
triggered interlock switch! 
No CO2 laser related No desorption of sample due to: 
background signal 
- alignment wrong Alter beam alignment (switch 
off PM tube if inspecting 
chamber under vacuum) 
- delay b (see Appendix Alter delay 
III) too early 
- insufficient CO 2 intensity Increase CO 2 iris aperture 
No YAG laser related No intersection of beam with jet Alter beam alignment 
background signal 
No molecular peaks Wavelength region wrong Alter scan region 
Delays wrong Alter delays (see Appendix III) 
No signal whatsoever Alignments wrong Check all alignments 
Lasers not triggering properly Check triggering and that lasers 
are switched to external 
triggering 
Boxcar delay drifted as YAG - Ensure proper warm-up period 
laser warms up before starting experiment 
- Alter BOXCAR delay 
Faceplate blocked Poke out or completely clean 
faceplate 
BOXCAR not triggering Check photodiode is receiving 
properly2 enough light 
Something not switched on! Check all apparatus is switched 
on and laser shutters are open 
2Only applies when BOXCAR is being triggered by photodiode rather than pulse generator 
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16. Appendix IV: Glossary 
Note: for compound acronyms see Appendix V. 
Acronym Meaning 
FWHM Full Width Half Maximum [of a peak] 
GC-MS Gas Chromatography - Mass Spectrometry 
HOMO Highest Occupied Molecular Orbital 
H-T Herzberg-Teller [coupling] 
IC Internal Conversion 
110 Input and/or Output [of electrical connections] 
JR Infra-Red 
ISC InterSystem Crossing 
LD-SJLIF Laser Desorption - 	 Supersonic 	Jet Laser 	Induced 	Fluorescence 
[spectroscopy] 
LIF Laser-Induced Fluorescence 
L2MS, 
L2TOF-MS 
Laser Desorption Mass Spectrometry 
Laser Desorption Laser Ionisation Time-of-Flight Mass Spectrometry 
LUMO Lowest Unoccupied Molecular Orbital 
MO Molecular Orbital 
ND Neutral Density [filters] 
0-0 
[transition] 
Origin of electronic transition 
PAH Poly-Aromatic Hydrocarbon 
PM tube PhotoMultiplier tube 
Q [Overall molecular coordinate] 
R, Re [Bond length, equilibrium bond length] 
R form Relaxed form [of oxygenated hmoglobin] 
REMPI, 
R2PI 
Resonance-Enhanced Multi-Photon lonisation 
Resonance-Enhanced Two-Photon Ionisation 
RMS Root Mean Square [of a function] 
SNR Signal-to-Noise Ratio 
T form Taut form [of deoxygenated hmoglobin] 
UV Ultra-Violet 
VR Vibrational Relaxation 
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17. Appendix V: Compound data 
In this appendix data is presented for the compounds investigated. The pressure used 
to press discs of each compound is given, the wavelengths of their 000  peaks, and the 
gas type and pressure required to achieve cooling. It should be assumed that all small 
and medium molecules should be investigated using a type I faceplate and large 
molecules a type II (see section 7.5.4). 
Note: for those compounds marked * only the lowest energy confomer peak is given; 
this may not be the most intense peak. For further data see the appropriate chapter. 
Compound Disc Pressure 
/tons 




Adenine 5 Region: 348 He 6.5 
BA 
Benzoic acid 
5 279.9 He 6.5 




25 650.5 He 20 
Cytosine 5 N/A He 6.5 
Gly-Tyr 
Glycyl tyrosine 
- 279.8 He - 
H2Pc 
Free base Phthalocyanine  
25 660.8 He 20 
Iso-Orotic acid 5 Region: 372 He 6.5 
Li2Pc 
Dilithium Phthalocyanine  
25 N/A He 20 
MgPc 
Magnesium Phthalocyanine  
25 640.4 He 20 
Na2Pc 
Disodium Phthalocyanine  
25 N/A He 20 
Orotic acid 5 Region: 312 He 6.5 
PABA 
Para-Amino Benzoic acid  
5 292.6 He 6.5 
(PABA dimer) (5) (292.3) (He) (6.5) 
Thymine 5 N/A He 6.5 
Tyramine 10 282.05 He 8 
Tyrosine 3 - crumbly 
281.8 
 He 8 
Uracil 5 N/A He 6.5 
ZnPc 
Zinc Phthalocyanine 
25 634.3 He 20 
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N.B. 1) Higher pressures than those given may often be used for pressing discs. 
Region given for peak of 0-0 transition; fluorescence broad 
N/A : molecule not observed to be fluorescent 
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18. Appendix VI: Start-up sequence for experiment 
This appendix gives the normal start-up sequence of the experiment. 
1. Close main interlock switch 
2. Open water taps 
3. Switch on delay and BOXCAR power 
4. Open gas cylinders 
5. Start dye circulator and dye computer 
6. Start Nd:YAG laser (allow 20 minutes to warm up and stabilise output) 
7. Start CO2 laser and purge gas for 30 seconds (longer if recently unused) 
8. Turn on data PC and dye laser PC screen 
9. Close blinds and ALIGN LASERS, closing laser shutters afterwards (no need to 
have Nd:YAG warmed up for this) 
10. Make sure sample is in position and chamber is sealed (flanges and air 
admittance valve) 
11. Turn on Pirani guage and vaccum pumps in sequence; 
Rotary pump to 10 - 1 mbar 
Booster to 10-3  mbar 
12. Measure laser power and record 
13. Start gas pulse nozzle and stepper motor. Ensure proper rotation and positioning 
of sample under vacuum; adjust if necessary 
14. Open laser shutters 
15. Turn on PM tube 
16. Take spectrum! 
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19. Appendix VII: Shutdown sequence for experiment 
Close CO2 shutter and stop stepper motor 
Stop gas pulse nozzle 
Turn off PM tube 
Stop CO2 laser firing and switch off 
Close Nd:YAG shutter, stop firing and switch off 
Quit dye laser program 
Turn off vacuum pumps (booster then rotary) 
Open air admittance valve on chamber and allow to come up to atmospheric 
pressure 
Turn off cooling water taps and switch off fume cupboard 
1 O.Close gas cylinders 
11 .Turn off dye circulator and dye laser PC 
12.Switch off data collection PC and Pirani guage 
13 .Check! 
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20. Appendix VIII: Dyes used 
The dyes used and their wavelength ranges  are given in the table below. All the dyes 
were dissolved in methanol. Those dyes which do not readily dissolve were placed in 
a sonic bath until fully dissolved. 




Coumarin500 483-559 242-278 
Fluorescein 540 - 576 270 - 288 
Rhodamine 590 
(= Rhodamine 6G)  
552-584 276-292 
Kiton Red 578-606 289-303 
Rhodamine640 594-629 297-314 
DCM 606-676 303-338 
3 Continuum ND6000 series dye laser manual 
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21. Appendix IX: Calculation of desorption sensitivity when 
desorbing from filter paper 
Calculation: 0.005g of carbazole was deposited over the whole of the circular filter 
paper. The filter paper had an area of 3.46x10 2 mm2. The desorption track was 
approx. 100.tm wide and 50.2 mm long. The area of the track is then Ca. 5.02 mm2 , 
or 1.45x10 2 of the total area. This means that 7.25x10 5g or 4.34x10 7 moles of 
carbazole was desorbed from that track, assuming that all the carbazole was desorbed 
from the substrate with one shot. This is not quite true as signal can still be seen on 
the second desorption pass along the track, so the assumption gives an upper limit to 
the calculation. 
The disc rotates at a speed of 1.19x10' mms'. Desorbed molecules were easily 
detectable at a desorption rate of l.0x10 9 moles s 1 or, given the laser pulse repetition 
rate of 10Hz., a desorption rate of l.0x10 10 moles per laser shot. It takes 
approximately 10 seconds to traverse a peak, giving a value of 1 Onmol or 100 laser 
shots per peak. 
386 
22. Appendix X: Symmetry of phthalocyanine vibrations 
The following operations determine the number of vibrational modes of each 
symmetry. It should first be noted that from the degrees of freedom rule, 
No. of vibrations = 3N - 6 
where N = the number of atoms in the molecule. For H2Pc, C1A1Pc, Li2Pc and Na2Pc 
the molecule has 58 atoms and should therefore have 174 vibrations; for MgPc and 
ZnPc 57 atoms and 171 vibrations. The symmetry of Li2Pc and Na2Pc is unclear; if 
they are D2h  they will have the same vibrational distribution as for H 2Pc. If they are 
bipyramidal they will be D4h as for MgPc and ZnPc but, since they are no longer 
planar, with a different distribution of vibrational symmetries. C1A1Pc is C4, 
regardless of whether the phthalocyanine ring is planar or, as we suspect, domed. 
22.1 D2h  (planar) = H2Pc 
Symmetry peration  
I C2(z) C2(y) C2(x) I c(xy) cT(xz) cr(yz) 
N 580 4 2 058 2 4 
3 -1 -1 -1 3 1 1 1 
F 174 1  0 -4 -2 0 58 2 4 
387 
where N = no. of atoms unmoved by a symmetry operation 
reducible representation 
L (trace) = sum of T entries in the character table  
FIR = irreducible representation 
=1/h gRypjy 
where h = order of point group 
gR = degeneracy of symmetry operation 
Xiu = Rth operation of 
jth  symmetry = character table entry 
= character of reducible representation 
FIR =29ag + 29bi g + 14 b2g + 15 b3g + 13a + 16b1 + 29b2 + 29b3 




Figure 22-1: axes for H2Pc. The z axis through the centre of the molecule, out of 
the plane, and is the primary C2 axis. The C2 axes are along the Cartesian axes 
4Character table date from: J.M. Hollas, Symmetry in Molecules, William Clowes 
& Sons Ltd., 1972 
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22.2 DO (planar) = MgPc, ZnPc 
Symmetry _option  
I 2C4 C2 2C2' 2C2" i 2S4 csh 2cy, I 2ad 
N 57 1 1 3 3 1 1 57 3 3 
3 1 -1 -1 -1 -3 -1 1 1 1 
FRR 171 1 	1 -1 -3 -3 -3 1 	-1 57 3 3 
FIR = l4aig + 14a2g + 14 big + 14 b2g + l4eg  + 6ai + 9a2 + 7b1 + 7b2 + 29e, 
= 171 vibrations as expected (NB 'e' symmetry is doubly degenerate) 
C2" axis 
Y:~NT11~J \ N_ 
N X 
Y-axis = C2' 
/ 
-- C2" axis 
x-axis = C2' 
Figure 22-2: axes for D4h. The z axis is through the centre of the molecule, out 
of the plane, and is the C4, C2 and S4 axes. All axes are the same for the 
bipyramidal DO molecules, although the atoms on each axis necessarily vary. 
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22.3 DO (bipyramidal) = Li2Pc, Na2Pc 
Symmetry _option  
I 2C4 C2 2C2' 2C2" i 2S4 cy1, 2cr, 2d 
N 58 2 2 2 2 0 0 56 4 4 
3 1 -1 -1 -1 -3 -1 1 1 1 
F 174 2 -1 -2 -2 0 0 56 4 4 
FIR = lSai g + 14a2g + 14 bi g + 14 b2g + 15eg + 6ai + 9a2 + 7b1 + 7b2 + 29e 
= 174 vibrations as expected 
22.4 C4, (pyramidal) = C1A1Pc 
Symmetry operation 
I 2C4 C2 2a, 2cYd 
N 58 2 2 4 4 
3 1 -1 1 1 
F 174 
1 
2 -1 4 4 
FIR24aI +20a2+21 b1 + 14 b2g  + 21b2 + 44e 
= 174 vibrations as expected 
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23. Appendix XI: H2Pc spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. Normal scans in the visible are 15 mn. 
Scans of less than this range are taken at a slower speed with a subsequent increase in 
resolution and accuracy of data. The files shown below are not exhaustive but are a 
reasonable sample of data collected. 
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Figure 23-1: Total H2Pc chopped and spliced spectrum as shown in 
phthalocyanines chapter. Spectrum is made up of hpcl24 (chopped at 
648.87nm), 155 (chopped at 638.81m), 157 (chopped at 627.25nm), 163 
(chopped at 621.52nm) and 160. Intensity from one section to the next is not 
comparable. The drop at Ca. 16100 cm -1 is simply due to the chopping function 
and is not significant. Expansions of the regions are given in the next several 
figures and are named by the file regions. 
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Figure 23-2: Total H2Pc spectrum. Graph shows several spectra spliced together 
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Figure 23-3: Total H2Pc spectrum. Graph shows several spectra spliced together 
with spectra averaged at overlap points. The baseline has been corrected 'by 
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Figure 23-4: Total H2Pc spectrum, file hpc124 region. 
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Figure 23-7: H2Pc, file hpc163. Although the feature at Ca. 890 cm' is weak, 
there is sufficient evidence in repeat spectra to label it as a real feature (see 
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Figure 23-8: H2Pc, file 121. This spectrum is given to expand on the data in the 
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Figure 23-10: H2Pc, file 127. Sequence bands can clearly be seen to the red of 



















Figure 23-11: x-axis expansion of file 127. Sequence banding of Ca. 2.5 cm -1 can 
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Figure 23-12: H2Pc, file 128 
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Figure 23-15: Average of H2Pc files (from top) 127 and 128. 
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Figure 23-18: H2Pc, file 124 
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Figure 23-23: Average of H2Pc files 150, 151, 124, 116 and 125 
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23.4 H2Pc, 652-627 nm region 
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Figure 23-26: H2Pc, file 154 
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Figure 23-28: H2Pc, file 122. Note the slightly different wavelength region, 
shown in order to elucidate the peak at Ca. 637 nm. 
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Figure 23-29: Average of H2Pc files 152, 153, 154, 155 and 122. Note that all five 
files contribute to the average only in the 648-637nm region. At longer 
wavelengths all files except 122 are contributing and at shorter wavelengths 
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Figure 23-31: Overlaid view of H2Pc files (from top) 152, 153, 154, 155 and 122 
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23.5 H2Pc, 642-627 nm region 
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Figure 23-32: H2Pc, file 156 
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Figure 23-34: H2Pc, file 106 
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Figure 23-38: H2pc, file 118 
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Figure 23-41: Average of H2Pc files (from top) 156, 157, 106, 117, 122, 107 and 
118. 
412 
23.6 H2Pc, 632-617 nm region 
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Figure 23-44: H2Pc 163 
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Figure 23-46: H2Pc 165 
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Figure 23-47: H2Pc (from top) 158, 162, 163, 164, 165. 
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Figure 23-48: Overlaid view of H 2Pc files (from top) 158, 162, 163, 164 and 165. 









Figure 23-49: Average of H2Pc 158, 162, 163, 164, 165. 
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23.7 H2Pc, 622-605 nm region 
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Figure 23-52: H2Pc, file 161 
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Figure 23-58: Stacked view of H 2Pc files (from top) 159, 160, 161, 119, 120, 108, 
109 
Nanometers 
Figure 23-59: Average of H2Pc 159, 160, 161, 119, 120, 108 and 109 
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Figure 23-64: Average of vhpc files 6 and 7 



















Figure 23-66: vhpc 9 
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Figure 23-72: Stacked view of vhpc files (from top) 10 and 11 
Nanometers 










Figure 23-74:Average of vhpc files 10 and 11 




















Figure 23-76: vhpc 13 
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Figure 23-79: Average of vhpc files 12 and 13 
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23.12 UV hpc spectrum 
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Figure 23-81: hpc B region, splice of files vhpc 6, 9, 10 and 12. File 6 is chopped 
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Figure 23-82: hpc B region, splice of files vhpc 6, 9, 10 and 12. File 6 is chopped 
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Figure 23-86: Expansion of hpc B region, file vhpc 12 section 
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24. Appendix XII: ZnPc spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. Normal scans in the visible are 15 rim. 
Scans of less than this range are taken at a slower speed with a subsequent increase in 
resolution and accuracy of data. The files shown below are not exhaustive but are a 
reasonable sample of data collected. 
24.1 ZnPc total spectrum 
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Figure 24-1: Total ZnPc spectrum. Graph shows several spectra spliced together 
with spectra chopped at overlap points. File ZnPc 64 is chopped at 626.21nm 
and 68 at 615.87nm. Intensity from one section to the next is not comparable. 












0 	100 	200 	300 	460 	500 	660 	700 	800 
Wavenumber (cm-1) 
Figure 24-2: Total ZnPc spectrum. Graph shows several spectra spliced together 
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Figure 24-3: Total ZnPc spectrum. Graph shows several spectra spliced together 
with spectra averaged at overlap points. The baseline has been corrected 'by 
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Figure 24-7: Total ZnPc spectrum, file znpc 78 region. Y-axis has been 
expanded. 
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Figure 24-13: ZnPc 72 
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Figure 24-15: Overlaid view of Znpc files (from top) 60, 64, 65, 70, 71, 72, 73 
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Figure 24-21: ZnPc 77 
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Figure 24-24: Average of ZnPc files 61, 68, 75, 76, 77 
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Figure 24-27: ZnPc 78 
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Figure 24-31: Overlaid view of Znpc files (from top) 47, 63, 78, 80, 81 
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Figure 24-32: Average of Znpc files 47, 63, 78, 80,81 
452 





335 334 333 332 331 330 329 328 
Nanometers 




























Figure 24-35: vznpc 3 
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Figure 24-38: Average of vznpc 1,2 and 3 
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Figure 24-39: vznpc 4 
Nanometers 
















































324 322 320 318 
Nanometers 









Figure 24-44: Average of vznpc 4, 6 and 7 
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Figure 24-49: Average of vznpc 8 and 9 
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Figure 24-58: Average of vznpc 10, 11, 12, 13, 14 and 17 
465 
00 














CN I CI) I 
I 
o 1 
II c..J 0 
(0 	I I c'i 
N- 
3- ' 1 W 
2- 
30000 30500 	 31000 31500 32000 325 
Wavenumber (cm-1) 





















4- 	 C14 
CI) 	CO 
30600 	 30800 	 31000 	 31200 	 31400 	 31600 	 31800 
Wavenumber (cm-1) 


















1600 	31700 	31800 	31900 32000 	32100 	32200 	32300 	32400 	320( 
Wavenumber (cm-1) 










25. Appendix XIII: C1A1Pc spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. Normal scans in the visible are 15 Mn. 
Scans of less than this range are taken at a slower speed with a subsequent increase in 
resolution and accuracy of data. The files shown below are not exhaustive but are a 
reasonable sample of data collected. 
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Figure 25-1: Total CIA1Pc spectrum. Graph shows files 56, 58, 65 and 29 spliced 
together with spectra chopped at overlap points. File 56 is chopped at 649nm 
and 58 at 638nm. Intensity from one section to the next is not comparable. 
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Figure 25-2: Total CIAEPc spectrum. Graph shows files 56, 58, 65 and 29 spliced 
together with spectra averaged at overlap points. Intensity from one section to 
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Figure 25-3: Total C1A1Pc spectrum. Graph shows files 56, 58, 65 and 29 spliced 
together with spectra averaged at overlap points. The baseline has been 
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Figure 25-9: C1AIPc 57 
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Figure 25-17: C1AIPc61 
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Figure 25-22: Average of CIAIPc files 58, 60, 61, 62,63 
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Figure 25-27: Overlaid view of C1A1Pc files (from top) 64, 65,66 
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Figure 25-33: Overlaid view of CIAIPc files (from top) 29, 26, 46 
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Figure 25-34: Average of CIA1IPc files 29, 26, 46 
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26. Appendix XIV: MgPc spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. The files shown below are not 
exhaustive but are a reasonable sample of data collected. 
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Figure 26-1: Total MgPc chopped and spliced spectrum as shown in 
phthalocyanines chapter. Spectrum is made up of mgpc 24 (chopped at 634nm), 
25 (chopped at 630nm), 40 (chopped at 624nm) and 267. Intensity from one 
section to the next is not comparable. The drop at Ca. 190 cm' is simply due to 
the chopping function and is not significant. Expansions of the regions are given 
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Figure 26-2: Total MgPc spectrum. Graph shows several spectra spliced 
together with spectra averaged at overlap points. Intensity from one section to 
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Figure 26-6: Total MgPc spectrum, file mgpc 60 region. 
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Figure 26-7: MgPc 24 
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Figure 26-8: MgPc 23 
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Figure 26-14: Average of mgpc files 24, 23, 55,25 and 26 
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Figure 26-18: MgPc 60 
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Figure 26-30: Average of mgpc files 35, 51, 264, 265, 267 
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27. Appendix XV: Tyramine spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. The files shown below are not 
exhaustive but are a reasonable sample of data collected. 
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Figure 27-2: tra 10 
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Figure 27-4: tra 12 
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Figure 27-8: Overlaid view of files tra 10, 11, 12, 13 and 14 
6- 






























281 	280.8 	280.6 	2804 	280.2 	280 	2798 	2796 	2794 	2792 
Nanometers 




281 	280.8 	280.6 	280.4 	280.2 	280 	279.8 	279.6 	279.4 	279.2 
Nanometers 















281 	280.8 	280.6 	280.4 	280.2 	280 	279.8 	2796 	2794 	2792 
Nanometers 
Figure 27-12: Stacked view of files tra 15 and 16 
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: 
281 	280.8 	280.6 	280.4 	280.2 	280 	279.8 	279.6 	279.4 	279.2 
Nanometers 












281 	280.8 	280.6 	280.4 	280.2 	280 	279.8 	279.6 	279.4 	279.2 
Nanometers 
Figure 27-14: Average of files tra 15 and 16 
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28. Appendix XVI: Tyrosine spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. The files shown below are not 
exhaustive but are a reasonable sample of data collected. 









282 	281.8 	281.6 	281.4 	281.2 	281 	280.8 	280.6 	280.4 	2802 
Nanometers 















282 	281.8 	281.6 	281.4 	281.2 	281 	280.8 	280.6 	280.4 	280.2 
Nanometers 






























282 	281.8 	281.6 	281.4 	281.2 	281 	280.8 	280.6 	280.4 	2802 
Nanometers 

























Figure 28-6: tyr 43 
Nanometers 














282 	281.8 	281.6 	2814 	2812 	281 	280.8 	280.6 	280.4 	280.2 
Nanometers 
Figure 28-8: Stacked view of files tyr 34, 35, 37, 38, 42, 43 and 44 






















282 	281.8 	281.6 	281.4 	281.2 	281 	280.8 	2806 	2804 	2802 
Nanometers 











Figure 28-11: Average of files tyr 31-45 inclusive 
515 
29. Appendix XVII: Glycyl Tyrosine (Gly-Tyr) spectra 
Note: all file numbers refer to the original data files for the convenience of future 
group workers and have no other significance. The files shown below are not 
exhaustive but are a reasonable sample of data collected. All gly-tyr files kindly 
provided by Dr. Anita Jones, University of Edinburgh. 











ANn A 	A 2-lu 
280 	 279.5 	 279 	 278.5 
Nanometers 

















280 	 279.5 	 279 	 278.5 
Nanometers 
Figure 29-2: file gltya 4 
2- AA 	A 	 A 
280 	 279.5 	 279 	 278.5 
Nanometers 





















279 	 278.5 	 278 	 277.5 
Nanometers 








280 	 279.5 	 279 	 278.5 
Nanometers 
















280 	 279.5 	 279 	 278.5 
Nanometers 























280 	 2795 	 279 	 27R. 
Nanometers 





























Figure 29-10: Overlaid view of files gltya 3, 4, 5, 6, 9, 10, 11 and 12 
oJ 
8-- 
280 	 279.5 	 279 	 278.5 	 278 	 277.5 
Nanometers 
Figure 29-11: Average of files gltya 3, 4, 5, 6, 9, 10, 11 and 12 
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314 	312 	310 	308 	306 
Wave 1 ength/nm 








318 316 314 312 310 308 
Nanometers 
Figure 30-2: Overlaid view of iso-orotic aicd spectra isofi, isof2, isot3, isof4, 
isof5, isof6 
U) 
C 
.0 
U) 
C 
a) 
C 
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